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Section  1 

FREE-FIELD  PHENOMENA 


CRATERING  FROM  A  MFGATON  SURFACE  BURST 


II.  L.  Bror'e  and  R.  L.  Bjork 
The  R/.ND  Corpor.'tion 
Santa  Monica,  California 


Asaurning  a  hydrodynamic  m  ^.el,  the  authors  hav<  calculated  the 
stresses  and  early  iiiotiuns  associated  with  the  cratering  of  a  rock' 
tnediu.o  {tufif  from  2-megaton  (2-MT)  surface  uursl.  The  results 
demonstrate  the  basically  two-dimensional  geometry  of  such  an  explo¬ 
sion  and  offer  preliminary  values  of  the  pressures  and  motions  involved. 
The  excavating  action  is  'ound  )o  be  associated  with  the  direct  shock 
!  from  the  bomb  and  not  due  to  the  loading,  developed  by  the  air  over¬ 
pressures  in  the  early  fireball.  A  limited  description  of  the  melnod, 
inputs,  and  eouation  of  state  of  rock  is  included.  Graphic  results, 
together  with  some  discussion  of  the  salient  features  and  the  various 
physical  assum^ioas  and  limitations  associated  with  the  calculations, 
make  up  the  body  of  this  report. 


mTROOUCTION 

The  cratering  action  of  larje-yleU  oxplo- 
tlone  is  an  Important  part  of  tioth  peaceful  and 
srar-like  appUcatlooe  of  nuclear  weapons 
effects.  It  is  a  dominant  feature  in  any  earth- 
mowing  application,  such  as  In  the  proposed 
hsrbor  end  canal  digging  (Plowshare)  opera¬ 
tions.  In  protective  construction  for  the 
mUitary,  the  crater  boundaries  define  a  sen¬ 
sible  U  perhaps  ostreme  limit  inside  which 
survival  cannot  be  expected.  For  an  tnemae- 
Ing  number  ol  f  ppUcatlona  more  exact  knowl¬ 
edge  of  e^pucted  craters  end  the  aeaoeiateo 
ground  abocks  baa  become  a  vital  lactor. 

An  improved  understanding  of  cratering 
must  come  Iroin  theoretical  work  coupled  with 
field  work  using  scaled  or  snia?t-yleld  explo¬ 
sions.  Ideally,  theory  and  expcriuient  shtsild 
be  combined  at  the  yields  ol  interest,  but  (or 
several  overruling  reasons,  no  larce  yield 
surface  (or  shallow -buried)  N:rUs  r.:ive  been 


shot  or  are  contemplated  in  a  site  ol  dry  soil 
or  rock,  and  It  is  necessary  to  rely  on  extra- 
polatton  from  small  nuclear  shots  and  from 
chemical  explosive  work  for  the  experimental 
aspects.  Without  benefit  o*.  adeqiuatc  theoreti¬ 
cal  work,  the  extension  of  small-yield  field 
data  to  large-yield  situations  is  at  best 
app  rood  mate  and  at  worst  may  be  quite  wrong. 
A  clear  physical  basic  fur  predictions  and 
scaling  Is  partlcuUrly  desirable  at  this  time, 
and  It  l3  toward  that  goal  that  the  calculations 
covered  In  this  report  were  aimed. 

In  ctxuUucting  a  reasonable  theoretical 
model  of  the  cratering  action,  oeveral  factors 
vUiid  out  as  being  lmn'°r«:^t«l»  necessary; 
Becaiioe  the  early  phases  ct  either  cnemlcal 
or  nuclear  eiploelons  iuv-vive  pressures  far 
In  excess  of  the  utteur  «;r  ;  -  ..^ty  streseea 
characteristic  of  any  •'aiu.  aI  znaterials,  and 
b.-causc  the  i  'kultlng  stronr'  shocks  induce 
appreciable  compression  and  heating  In  the 
surrounding  matter,  a  hydrodynamic  model  Is 


not  only  reaaoiuble  but  is  a  necessity  at  early 
stages.  Furthermore,  becau— •  the  geonttry 
of  the  bur&t  relative  to  the  I  ..-rfacc  acparat- 
Ing  ground  and  ai''  figures  dominantly  In  the 
formation  of  any  crater,  the  hydrodynamics 
must  be  carried  out  in  two  space  dimensions 
fi.e.,  must  Include  vertical  asA  radial 
motions).  A  program  for  numerical  com  ¬ 
putation  of  hydrodynamic  motions  in  two 
dimensions  has  existed  at  RAND  for  some 
time,  and  is  particularly  atjpropriate  for  use 
CO  the  nuclear  <.  catering  problems.  The 
scheme  was  originally  generated  by  BJork  [1] 
in  an  investigation  of  ii.';,h-8pecd  impact 
craters  la  raotals.  The  programming  was  due 
to  N.  J.  Bro'  .i!’. 

Although  the  hydrodynamic  assumption  is 
basic  to  the  model,  tro  hirther  features  are 
of  Importance,  if  less  ubvlously  so.  In  order 
tr>  properly  follow  the  cratering  action  of  s 
surface  burst  nuclear  eigiloslon,  11  is  neces- 
sai7  to  know  with  considerable  precision  the 
early  history  of  a  nuclear  bomb  explosion. 

The  exa  t  amount  of  energy  (and  its  form)  that 
enters  the  ground  and  also  how  much  energy 
goes  m  or  out  across  the  surface  of  the  ground 
at  later  times  will  depend  critically  on  the 
bomb  energetics  and  the  early  fireball  and 
air- bias!  hUlurv.  Recent  detailed  calculations 
bv  Brode  [2]  have  made  easy  the  deflniUon  of 
i'dtial  and  buundary  conditions  to  approxtmate 
the  influence  of  the  couipiox  dynamic  loading 
ind<iced  by  a  surface-buret  nuclear  weapon. 

One  fvrihcr  isctor  of  prime  Importance 
Involves  ih«  equation  of  state-of-the-earth 
material.  A  cratering  problem  is  asnsiUve  to 
the  relation  between  energies  and  sound 
speeds  in  the  two  media  on  either  side  of  the 
interface,  !n  the  air  above,  the  ambleirt  .sound 
speed  is  about  330  meters  per  second  <330  m 
per  sec),  while  seismic  velocities  In  natural 
earth  materials  vary  from  typical  soil  sehimic 
•xieeds  around  600  m  par  sec  to  s  apesd  in 
granite  near  3700  m  per  sec.  Air  Is  quite 
compreaaibls  and  very  heat  absorbent  at  the 
high  pressures  tu  a  ouclaar  eiqplcsioa  whUs 
solid  materials  are  much  less  compresstble 
and  tend  to  he  much  less  dissipative  at  com¬ 
parable  stress  levels.  The  extent  to  -ehtch 
these  Inequalltlcb  matter  In  such  a  cratering 
calculaf'm  can  uasily  be  appreciated. 

Ae  the  stress  level  In  the  soil  or  rock 
sinks  below  a  level  where  hydrodynamics  can 
properly  be  considered  the  dominant  fore*-  In 
pro^cii.g  motions  and  transporting  energy, 

Uie  calculation  should  embrace  such  phyeicai 
features  as  plasticity  and  elasticity  and  should 
then  deal  with  real  solid-state  features  cf  the 


material.  Although  sor.  ething  of  this  sort  has 
been  done  in  the  simpler  case  of  siih-vriciUiy 
symmetric  eiq’/  '^siens  by  Nuckolls  [3],  it  was 
not  attempted  in  any  comparable  sense  here  in 
connection  with  the  two-dlmcnsicvial  cratering 
calculations.  Fu:^'tcrmore,  since  ttic  forces 
far  exceed  the  force  of  gravity  in  tlie  pressure 
i*egime  'vherc  the  mode!  is  considered  valid, 
gravitational  forces  were  net  cr.rried  in  this 
oroeran-. 

NUMERICAL  METHOD 

The  motion  of  the  ground  itself  is 
assumed  to  be  governed  by  the  compresstble, 
hydrodynamic  equations,  'nrltteu  in  terms  of 
Eulerian  variables,  these  are 


p  ^  ♦  pu  ■  u  ♦  trad  P 

dt 

=  0 

(1) 

♦  u  •  grad  ^  ^  p  div  u 

=  0 

(2) 

»  />ti  *  grad  p  ♦  P  div  u 

=  0 

(3) 

P  =  P( 

(4) 

where  the  ysrlables  sre 

u  particle  velocity 
P  pressure 

«  specific  Internal  energy 
f>  density 
t  time. 

The  effects  of  viscosity  and  heat  conduc¬ 
tion  are  neglected  in  these  equations.  It  is 
possible  >0  allow  by  order-of-magnitude  argu- 
rjents  that  neglecting  heat  conduction  is  a 
good  approximation.  However,  not  enough  is 
known  of  the  viscous  properties  of  materials 
under  liigh  pressures  and  densities  to  make 
such  a  positive  statement  relative  to  neglect¬ 
ing  viscosity,  ifiscuslty  Is  really  omitted 
from  the  framework  of  Uieae  calculations  for 
the  practical  reason  that  no  good  eatiraales  of 
U  are  available. 

The  nature  of  the  problem  renders  the 
solution  ot  these  eqaa‘*ons  particularly  dif¬ 
ficult.  Portions  of  the  ground  '  tige 

distortions,  so  that  s  Lsgrangtan  der.-  .-Iptlon 
falls  after  a  short  time.  Ti.o  Euleri; (or- 
molation  suffers  from  the  contlni’.'.i  '  i.uston 
across  Intsrfsces. 

The  D’.  .nerlcal  tecimique  employed  was 
one  previously  developed  by  BJork  [1]  to  treat 
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problems  of  high-velocity  impact,  where  sim¬ 
ilar  difficulties  Occur.  Briefly,  the  method 
treats  mass  poiius  moving  through  an  Eulerlan 
mesh.  Integratioa  is  carried  out  on  time, 
starting  from  the  initial  condltians  (described 
later)  and  impoaing  the  appropriate  boundary 
conditio:is.  The  advance  over  At  is  carried 
out  in  two  steps.  In  the  first  step,  the  trans¬ 
port  terms  in  Eqs.  (1)  through  (4)  are  neg¬ 
lected,  and  the  integration  is  performed  '  ; 
solving  tlie  dllference  analog  of  the  resulti  ng 
dlffjrentlal  equations.  In  the  uecund  step,  the 
tranigmrt  terms  are  accounted  for  by  noting 
which  masses  changeu  cells  in  the  first  step. 

To  get  the  new  mass  of  the  cells  affected, 
one  merely  sums  the  masses  now  present  in 
each  cell,  which  acco"’*tc  for  the  mass  trans¬ 
port  term  in  Eq,  (2).  A  mass  which  changes 
cells  la  assuired  to  carry  with  it  an  increment 
o.'  internal  given  by  the  product  of  the 

mass  in  question  and  the  specific  internal 
energy  of  the  cell  which  it  left.  This  accounts 
for  the  internal  energy  transport  term  in 
Eq.  (3). 

A  mass,  in  changing  cells,  also  brings 
with  it  an  increment  of  momentum  given  by 
the  product  of  the  mass  and  the  velocity 
pre.^eril  in  the  cell  which  it  left.  This  momen¬ 
tum  is  added  to  the  cell  entered  by  the  mass, 
and  that  cell  is  given  a  new  velocity  equal  to 
the  new  momentum  divided  by  the  new  total 
mass.  Thus  the  momentum  transport  term  of 
Eq.  ;•  is  taken  into  account. 

The  process  described  conserves  mass, 
internal  energy,  and  momeiUum.  It  is  easily 
shown,  however,  that  kinetic  energy  is  always 
lost  in  this  repartitioning,  unless  the  veloci¬ 
ties  of  the  two  cells  involved  are  equal.  This 
is  accounted  for  by  arbitrarily  adding  the  loss 
in  kinetic  energy  of  the  two  cells  to  the  inter¬ 
nal  energy  of  the  entered  cell.  Thus,  total 
energy  is  c<jnserved,  but  a  small  fraction  of 
the  kinetic  energy  is  converted  to  internal 
energy  In  the  process.  This  conversion  may 
bo  shown  to  be  equivalent  to  an  artiticial 
viscosity  of  the  Landshoff  type  (4),  end  Its 
presence  precludes  the  necessity  of  adding 
any  further  artificial  viscosity  to  the  problem. 

In  both  of  the  previously,  treated  impact 
problems  and  the  present  ground  motion 
calculations,  the  magnlturie  of  toe  viscooity  is 
ideal  in  the  sense  that  it  spream  the  shock 
jumps  over  about  three  mesh  na  ^es. 

The  method  was  tested  InSif^'ways.  The 
first  was  to  compare  the  solution  ger''rated 
for  one-dimensional  impacts  with  analytical 


solutions  which  are  available  m  this  case. 
Tntc  test  showed  that  the  method  gave  cor¬ 
rect!  the  jumps  In  pressure,  de'isity,  and 
velocity  across  a  shock,  and  also  the  veloci¬ 
ties  of  tnc  shocks  themselves.  Tltij  .ctcans 
that  the  jump  in  entropy  across  the  shock  is 
given  correctly,  placing  the  final  state  or,  the 
Hugoniot  rather  than  the  adlabat  connecting 
the  LUtial  and  anal  states.  The  second  left 
was  to  calcuiata  with  thi.,  two-dimensional 
code  a  spherically  symmetric  nuclear  air 
hurst  previously  calculated  by  Brode  [5]  with 
a  ooe-dimessioHil  code.  The  pgreement  was 
checked  in  the  vertical  direction,  the  horizon¬ 
tal  di-ection,  and  at  an  angle  of  45  degrees 
between  the  two.  and  Ibund  to  be  satisfactory 
in  all  cases. 

The  ealcalatkws  were  performed  by  sn 
IBM  704,  possessing  a  32,000- word  fast 
memory.  The  memory  size  the  limiting 
factor  in  (he  resolution.  Ti>  obtain  an  ade¬ 
quate  mass  resolution,  20  mass  points  per 
cell  were  used.  This  meant  that  on  the 
average,  a  roll's  density  could  ciiange  in  5- 
percent  increments  This  choice  of  the 
number  of  mass  points  restricted  the  number 
of  space  grid  points  to  400,  which  were 
arranged  in  a  20  by  20  rectangular  array. 
Using  feswr  mass  points  per  cell  would  have 
resulted  in  a  larger  number  of  space  grid 
points,  but  It  was  not  deemed  feasible  to 
coarsen  further  the  mass  resolution. 

By  an  artifice  known  as  "grid  changing,'’ 
the  400  grid  points  were  always  arranged  to 
encompass  oaly  the  region  of  activity  and  Us 
immediate  emrirons.  In  a  "grid  change,"  the 
points  were  laid  down  in  such  a  manner  as  to 
encompass  the  shock  front  plus  about  an  equal 
extent  of  undUturbed  media.  Within  the  shock, 
the  dependent  variables  were  given  the  values 
existing  at  the  end  of  the  previous  grid,  and 
outside  they  were  assigned  values  appropriate 
to  the  undisturbed  media.  The  new  grid  was 
then  used  until  the  prog -am  detected  the  first 
faint  movement  on  the  grid's  boundary  caused 
by  the  approscUng  shock,  at  which  time  a  new 
grid  change  was  effected. 

In  the  prsppnt  calculatloi,  it  is  possible  to 
gain  only  a  very  rough  Idea  c>  the  crater 
dlroensiont.,  's  the  formlnir  crater  is  covered 
only  by  very  few  space  s.iui.  v>inu.  Ihe 
reason  for  this  is  that  the  gr>..ind  shock  is 
several  times  as  d;.ap  aa  the  -crater  bottom 
and  the  grid  qmclng  is  uMf*'  ..  in  thr  .pittcal 
direction.  In  this  sense  Uie  p-caent  calcula- 
tir  •  emphasize.,  ilie  information  relative  to 
the  deep  ground  motion.  It  will  be  possible  to 
emphasise  the  cratering  inlormatton  by  using 
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a,  gradation  nt  grid  alzea  In  the  vertical  direc¬ 
tion,  so  tlia»  there  will  be  many  points  nui- 
the  surface  and  only  a  few  deep  underground. 
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INITIAL  AND  BOUNDARY  CONDITIONS 

The  problem  to  which  we  a.-vireas  our¬ 
selves  is  that  of  calculating  the  crater  and 
ground  motion  due  to  a  two  megaton  surface 
burst.  The  nature  of  the  problem  is  contained 
<r  the  specific  atj.an  of  the  boundary  conditions. 

se  initial  and  boundary  ccaiditlons  were 

d  on  results  of  calculations  oy  Brode  [2] 

V.  ne  ea.  ly  phaoes  of  a  nuclear  explosion. 
From  these  calculations  at  I  msec  after 
initiatlc.',  one  finds  that  approximately  half 
the  bomb  energy  has  radiated  out  of  the  bomb 
into  the  surrounding  air,  and  moat  of  the 
energy  remaining  In  the  bomb  is  In  directed 
luuetic  energy  of  the  bomb  materials.  At  this 
time  it  is  reasonable  to  characterize  the 
explosive  Input  to  the  ground  as  due  to  both 
the  in'.,  't  of  the  bomb  mass  on  the  ground 
directly  oclow  it  and  to  the  pressure  on  the 
surface  from  the  initially  extended  and 
rapidly  growing  fireball  or  strong  shock  in 
air.  The  pressures  generated  by  this  air 
blast  are  initially  several  orders  of  magwitude 
less  than  the  pressures  created  directly  by 
the  bomb  vapors,  since  the  energies  in  the  air 
and  in  the  bomb  are  comparable,  but  the 
volume  of  air  is  many  times  lar^r  than  that 
occupied  by  the  bomb  itself. 

These  adUai  ccadltions  lead  to  a  specifi¬ 
cation  of  velocities  of  the  order  of  ITOO  meters 
per  mUUsecond  (1700  ci  per  msec)  in  the  Ilrst 
few  zones  of  the  rock,  representine  the  mass 
and  kinetic  energy  of  the  loser  half  of  the 
bomb.  In  these  zones  an  appropriate  Internal 
energy  was  included.  These  conditions, 
together  with  the  initial  cnolce  of  grid  spacings 
lead  to  the  foUosrlng  luitial  canliguraUan: 
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'o  th  grid,  each  initial  zone  was  1/4 
meter  %  ./4  m)  both  across  and  deep,  repre¬ 
senting  rings  of  mass  in  the  cylindrical  coor- 
dl.'iates  used.  Each  of  the  six  "bomb"  zones 
had  a  qieciflc  internal  energy  (and  a  pressure 
assoclaied  with  it)  corresponding  to  8.05  »  lo’ 
in  the  IT  eter-mlUisecond-megagram  system 
of  units  used  here  (i.e.,  in  10 ergs  per  10* 
gms).  Each  o(  these  zones  also  had  an  initial 
velocity  of  1670  meters  per  millisecond  (1670 
m  per  msec),  directed  radially,  so  that  the 
Initial  velocity  components  were  as  i"  Table  1. 

Energies,  pressures,  and  velocities  were 
all  initially  zero  outside  of  the  six  bomb  zones. 
T'.ese  bomb  zones  ren-nsented  only  tiie  lower 
half  of  the  bomb  in  a  "true"  surface  burst 
posman  (l.e.,  with  the  center  of  gravity 
located  on  the  plane  of  the  surface  between 
rock  and  air).  The  upper  half  of  the  bomb  had 
been  carried  in  the  calculations  in  an  early 
version,  but  proved  to  have  an  entirely  negli¬ 
gible  effect  on  the  subsurface  behavior.  Since 
it  added  to  the  complexity  of  the  problem  to 
follow  the  upper  masses  as  they  Oew  off  at 
high  velocity,  they  were  omitted  from  sub¬ 
sequent  computations. 

The  surface  pressures  due  to  the  air  blast 
were  included  In  the  form  of  a  boundary  con- 
dltiou  on  the  uppermost  masses.  An  analytical 
form  representing  the  air  pressures  as  a 
function  of  time  and  radius  was  developed 
from  the  detailed  calculations  of  an  air-burnt 
megaton  explosioo  [2].  The  ftt  is  approximately 
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Initial  Velocity  Components 
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coi'rect  from  earliest  times  arouna  1/2  tacUir  of  l.S  over  the  applicable  range  of  als> 

sec,  after  which  it  Increasingly  cwercstimates  tance.<;.  Since  nearly  ail  of  the  observed 

the  pressures.  At  1/2  sec,  Uie  peak  over-  groun  moUons  were  directly  attributable  to 

pressure  in  the  air  shock  ^ould  be  about  145  the  direct  impulse  from  the  bomb  vapors  and 

psi  (at  a  shock  radius  of  more  than  1  kilome-  not  at  all  'rom  the  air  blast  impulse,  the  use 

ter  U  km))  while  the  fit  gives  about  130  psi.  of  an  air  overpressure  formula,  which  over- 

A  comparison  between  (he  detailed  calculatian  emphasizes  tiv  air  impulse  is  conservative  in 

overpressures  and  the  (it  used  is  presented  in  the  present  calculations,  and  emptiasizes  that 

Fig.  1.  The  impulse  (rom  this  overpressure  no  appreciable  change  would  have  resulted  had 

in  its  positive  phase  is  generally  too  higt  »  the  air  overpressure  been  completely  ignored. 


n('..) 

lig.  '•  -  Con)pariti.;n  of  a'.i  nverpresiure  from  approdmate  analytical  form 
( _ )  with  detail  numerical  reauUa  (•——) 
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The  formula  employed  for  the  air  over¬ 
pressure  biiundary  concUtioii  is  the  folio  >'ing: 


and  so  are  not  useful  bc.'ond  their  indications 
of  a  genc.al  gcomctiic  nature.' 


AP 


•62  r.  z'.'* 
^  .1 1 1'  “  L’  *  ‘  ^ 


10“  <ly«!  per  on’ 


where  t ,  is  the  time  of  shock  arrival,  t  is 
the  time  (both  in  milliseconds)  and  t  > 


t.  =  7x  lO-S  r  7  24.  lO  ’"  r“  for  R.  <  56 


7.24  «  10-2" 
T  r  .  637  - 


for  56  ■:  R,  <  200 


in  which  R,  is  the  shuck  radius  in  meters.  At 
tl.nes  before  shock  arrival  the  overpressure 
is  zero. 


For  a  low  air  burst,  in  wliich  the  bomb 
materials  do  not  get  close  enough  to  the 
ground  to  shock  it  strongly  the  main  mecha¬ 
nism  for  Inducing  ground  motion  would  be  just 
the  air  blast.  The  form  just  presented  could 
also  represent  the  approximate  pressure 
history  on  the  surface  from  a  burst  at  abrat 
100  m  above  the  surface.  At  that  burst  height, 
the  direct  bomb  shock  would  be  negligible,  but 
the  air  shock  would  be  quite  similar  to  th^ 
from  a  true  r'.;  face  biu-st  for  horizontal 
ranges  greater  than  about  IOC  m. 

Since  the  compressions  in  the  ground 
from  such  a  low  air  burst  would  be  quite 
small,  the  particular  numerical  scheme  used 
here  is  not  appropriate.  It  .may  be  more  rea¬ 
sonable  to  carry  out  such  a  calculation  using 
a  Lagrangian  scheme,  more  adapted  to  propa¬ 
gations  with  smalt  density  changes.  It  is 
lairly  clear  that  the  nature  of  the  air  slap 
loading  is  such  that  no  conventional  crater 
will  occur  from  It  alone  in  rock  or  in  most 
s-jilu.  Its  load  is  applied  so  rapidly  over 
such  a  wide  area  a^  is  relieved  so  rapidly 
that  the  main  response  is  a  tendency  to 
compact,  and  very  little  ei  'avating  motion 
would  be  generated.  On  th^  other  hand,  the 
irduceu  ground  shock  will  not  be  entirely  In 
the  vertical  direction,  and  will  be  quite 
divergent  (l.e.,  will  not  be  a  plane  wave). 
These  trends  as  stated  here  were  substim- 
tiated  bv  two  calculations  which  used  cnl/  the 
ail  -slap  input,  Unfortunately  these  :iame 
calculations  used  unreal  equations  of  state. 


EQUATION  OF  STATE 

Tt.e  influence  of  the  equation  of  state  on 
the  res'.:Us  of  such  calcilaticns  has  lieen  only 
partially  explored.  A  preiiininpry  problem 
using  an  .deal  gas  of  snecific  heat  ratio  three 
( y  =  .  '  was  run;  but  at  the  lower  pressures,  it 
suffered  most  from  the  fact  that  the  computa¬ 
tion  treated  all  shocks  as  strong  shocks.  In 
the  region  where  the  ground  shuck  la  properly 
strong,  .he  comparison  with  a  more  nearly 
correc*  equation  of  state  shows  an  expected 
greater  effective  exploslO;i  energy  for  the 
ideal  gas  case.  Since,  for  real  gases,  much 
more  energy  is  involve.'.  In  the  Ionization  and 
dissociation  of  the  hot  gas  beliind  the  shock 
front,  the  shock  in  a  real  gas  very  quickly 
drops  to  a  lower  strength  than  tiie  cu.  respond¬ 
ing  shock  in  an  ideal  gac  u!  iiigh  specific  heat 
ratio. 

The  best  cquatiijii state  used  so  far 
represents  a  soft  volcai.ic  ruck  cal'-nl  tuff  (the 
rock  in  which  some  underground  nuclear 
explosions  at  the  Nevada  test  site  were  shot). 
This  equation  of  state  was  represented  by  an 
analytical  formula  fitting  three  general  regions 
of  information.  At  the  iiigh-temperature  end, 
the  fit  was  to  data  from  a  Fermt-Thomas- 
D'rac  calculation  for  an  appropriate  mixture 
of  eleraentc  representing  the  chemical  con¬ 
stituents  of  tuff.  We  are  indebted  to  BUI 
McMUlan  of  RAND  for  this  data  and  to  Forrest 
Gilmore  and  Arthur  Smith  of  RAND  for  some 
thermodynamic  inteipretaiion.  In  the  region 
between  80  and  300  kllobars  (kbar),  the 
Hugoniot  data  from  high  explosive  experiments 
on  tuft  were  used  as  guidance  for  the  fitting. 
Tiiese  data,  a  part  of  experimental  work  car¬ 
ried  out  by  a  group  at  the  Liv  °rmore  Labo¬ 
ratory  of  the  AEC,  were  called  to  our  attention 
by  Arthur  Smith. 

In  carrying  the  fit  to  lower  pressures,  the 
observed  speed  ol  sound  in  tuff  was  used  as  a 


*  Ti.e  firpt  wap  an  ideal  gap,  alrong  phock case, 
and  the  second  u?T.d-an  unusually  "soft"  fluid. 
The  secei.d  probleni  was  not  restricted  to  the 
strung  snnrk  limitation  and  cia  ns.e  a  rea¬ 
sonable  seismic  speed  ('  2000  ft  pr-  eec).  but 
was  too  cor.npressible  ic  be  .  ttic.  (A 
pressure  of  20  kbar  wc*uld  caviH.'>  .a  *  .iiprer- 
sion  to  twice  the  original  den-.it;..;  A  more 
appropri.-.  e  problem.  \  fit  be  carried  oat  soon. 
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limiting  condition.  The  (it,  while  only  approx¬ 
imately  satisfying  all  of  these  restrictions  is 
considered  compatible  with  iiie  accuracy 
limits  imposed  by  other  physical  approxima¬ 
tions  involved  in  the  calculations. 

Expressed  In  terms  of  the  specific  intei- 
nal  t-iiergy  )  and  the  density  relative  to  the 
standard  density  (or  tuff  <ti  -  the  pres¬ 

sure,  according  to  the  resulting  lit,  was 
defined  as 

p  ^  .4JS  V  ♦  .in  r,’  ’  E  -  s. 

♦  .707  .,E*  (iO*«E)  <10*®  dyne  ca*) 

E  ill  10*®  erg.'is'.  V  -  pi P,  -  t-^  f«/cc  . 

Of  course,  the  solid-state  properties  of 
the  rock  which  become  Importaul  at  strosa 
levels  below  about  10  kbar  are  not  realistic¬ 
ally  covered  by  the  concepts  of  thsrmody- 
Lumic  equilibrium  implicit  in  the  eqostion  of 
state,  but  (ui-Uier,  this  equation  includes  no 
special  cansideratian  (or  phase  changes— 
melting  and  vaporising.  It  appears  tmlikely 
that  the  inclusion  of  phase  changes  would 
cause  the  equstlon-of- state  behavior  to  be 
radically  different  from  that  assumed,  how¬ 
ever.  In  the  first  place,  both  the  melting  and 
vaporization  points  occur  in  about  the  same 
temperature  range,  and  neither  would  occur 
at  a  precise  temperature  but  would  be  spread 
over  a  factor  of  two  or  so  in  temperature.  It 
la  qt  M'.ionable  that  a  nselting  point  would  even 
exist  under  eigilosive  landing.  The  shock 
pressure  at  the  melting  temperature  aliould 
be  somewhat  less  than  100  kbar,  and  the  abowe 
fit  covers  thla  region  by  bridging  smoothly  the 
gap  between  Thomas- Ferml-Olrac  results  and 
high-explosive  eiqierimeatsl  reeuUs. 

Tuff  Is  a  rock  which  contrins  an  unusually 
high  amount  of  voids.  It  Is  not  likely  tlial  the 
collapse  nf  the  voids  creates  a  permanent 
change  in  the  tuff  density  at  the  high  pres¬ 
sures  because  at  the  highest  temperatures  the 
nuterial  ie  violently  e:xavated  and  at  more 
modest  temperatures  (near  melUng)  the  voids 
seem  to  recoaatltu(.e  themselves.  At  the 
lowest  stress  levels  (below  10  kbar),  where 
this  hydrodynamic  model  la  already  inappll- 
cnblc,  permanent  void  collapsing  is  likely.  No 
such  hysteresis  was  Included  In  the  treatment 
here.  The  equation  of  state  (or  tuff  used  In 
these  calculations  Is  shown  in  Fig.  2. 


THE  RESULTS 

Although  the  boundary  and  initial  condi¬ 
tions  specified  accurately  both  toe  bomb-vapor 


residual  energ.es  and  the  impulse  from  the 
alr-Mast  slap,  it  Is  a  striki.ig  feature  of  the 
result  that  only  the  (orr.er  plays  an  impor¬ 
tant  role  ui  the  excavation  process.  The  air 
slap  does  <ndeed  send  a  shock  Into  the  ernund, 
but  over  a  wide  area  and  at  pressures  several 
orders  of  magnitude  less  thai.  those  at  the 
same  time  in  tiie  direct  bomb  shock.  Out 
along  the  surface  beyo.id  the  region  of  Uie 
crater,  of  cctr-^c,  the  air-blast  slap  exceeds 
the  direct  shock  (which  arrives  later),  but  (or 
(he  cratering  action,  and  for  shocka  imme¬ 
diately  below  the  crater,  <xie  could  validly 
omit  the  air  alap. 

In  Fig.  3,  the  early  pressure  field  la 
dlaplayed  aa  a  map  of  isobara  (at  0.1026 
msec).  The  bomb  shock  haa  created  a  nearly 
hemispheric  a.iock  front  with  peak  prosuuros 
of  around  7000  kbar  in  the  90-degree  solid 
angle  downward  about  the  vertical  axis 
(darkened  arec).  The  lack  o.  a  sharp  frunt  to 
the  shock  at  this  .'tage  is  (hie  to  the  nature  of 
the  computation  schemi?  which  spreads  shiKk 
disconllnuiUes  over  about  three  ranee  of  the 
chosen  apace  grid.  Such  spreading  does  not 
seriously  affeci  ihe  Hugoniut  or  shock  values 
of  the  various  hydrodynamic  varlaUec.  At 
this  time,  about  1/10  inae.i,  the  direct  slMck 
has  progressed  o^y  some  7  m  while  the  air 
shuck  aided  by  radiation  dlffiisiim  haa  gone 
out  more  than  SO  m.  The  7-megabar,  ground- 
shock  preaaarea  are  to  be  compared  with  the 
peak  overpreasure  la  the  air  shock  at  this 
time  of  aome  30  kbar.  The  shaded  box  at  the 
origia  represents  the  volume  of  rork  in  which 
the  Initial  kinetic  and  Internal  energy  was  put, 
to  approximate  the  bomb.  It  Is  already  clear 
at  this  time  that  the  ground  shock  is  no  longer 
dependent  on  the  geometrical  details  of  the 
source. 

Figure  4  displays  the  veiocity  vectors  of 
various  rock  masses  at  this  same  early  time. 
Here,  the  symmetrical  nature  of  the  strong 
shock  generated  by  the  bomb  energy  becomes 
even  more  evident.  All  the  compressed  region 
of  the  shock  front  is  rapidly  expanding  spher¬ 
ically.  The  topmost  rock  la  being  blown  off 
Into  the  air  (in  this  caat^  into  the  fireball 
above)  at  extrenw  velocitlea.  Tnls  upward 
flying  rock  la  oi  course  not  a  true  vapor  and 
is  already  <>t  fairly  low  density. ,  The  same  is 
tiue  of  that  material  bei^w  *><<'  stirfixce  and 
well  behind  the  shock  front,  sHhough  inc 
motions  are  more  pearly  rs.-^lom  below  a 
couple  of  mr.tera  depth. 

At  10  timca  this  early  tliLie,  !  msec, 
the  shock  haa  advanced  to  aome  18  m  deepand 
haa  dropped  to  a  peak  pressure  (in  the  vertical 


cone)  of  the  order  of  500  kbar  (Fig.  5).  The 
shock  front  Is  still  fairly  uniformly  spherical 
out  to  45  degrees  from  the  vertical.  clroppb.g 
an  order  of  magnitude  from  there  to  the  sur¬ 
face.  The  pressure  behind  the  shock  appears 
more  chaotic. 

Later,  at  3.4  msec  the  shock  has  pro¬ 
gressed  down  to  32  m  and  fallen  to  a  peak 
pressure  of  around  125  kbar  in  the  same  90- 
degree  vertical  rene  (Fig,  6). 


The  subsequent  pr'^ress  Is  shown  at 
various  times  (at  abwt  1C,  21,  50,  80,  and 
100  ms)  in  Figs.  1  through  14.  Throughout 
tliesE  figures  one  can  follow  the  ueirisphenca! 
shape  of  the  shuck.  At  ail  Umes  th--  peak 
pressures  along  the  vertical  are  la. '  est  and 
extend  fairly  uniformly  out  to  a  pai:  -  45 
degrees  from  the  vertical  befoie  a  a  ."lous 
drop  in  p  .assure  begins  aS  one  follows  iiie 
shock  front  further  toward  the  surface.  At  the 
later  times  ( >  40  msec)  the  calculation  has 


8 


PRESSURE  PIELUiKbar*) 
T>.t026(«i| 


TUFF  I 


Fig,  3  Tiie  early  preesure  field  (kbar)  at  t  e  0,1026  msec 


been  Illustrated  beyond  a  point  where  all 
pressures  are  below  10  kbar,  and  so  beyond 
a  tinM  when  the  hydrodynamic  assumption  is 
reasonably  rigorous.  It  is  interesting  to  note 
that  at  these  late  timos,  when  the  shock  is  no 
longer  strong  enough  to  make  a  fluid  of  the 
rock,  the  velocity  maps  (Figs.  10,  12,  and  14) 
indicate  a  fairly  sharp  cleavage  at  around  70  m 
deep.  Above  that  point  the  material  Is  moving 
up  and  continues  to  go  up.  Below  that  depth 
the  material  continues  to  move  down.  Th's 
"crater  bottom"  persists  at  the  same  depth 
after  the  S0>msec  time.  Since  this  is  a  fluid 
model  and  since  we  have  claimed  no  rigor  for 
the  model  at  late  times  and  low  pressures, 
this  evidence  of  a  crater  depth  approximately 
equal  to  that  predicted  by  conventional  scaling 
laws  [CJ  can  be  considered  at  least  in  part  as 
.1  gratifying  coincidence.  It  should  be  noted 
however  that  conservation  of  mass,  momen* 
turn,  and  energy  in  the  correct  geometry  are 
still  appropriate  and  are  in  fact  reiqKiositde 
for  the  motions  illustrated,  and  it  may  well  be 
that  the  plastic  and  elastic  proftortles  of  the 


rock  play  secondary  roles  in  determining 
crater  depths. 

Pressures,  as  a  function  of  time  at  fixed 
vertical  positions  fairly  close  beneath  the 
source,  display  the  usual  bt  .'ong  shock-type 
blmodal  decay  in  which  the  pressure,  ?iter 
rising  to  a  peak  and  falling  rapidly  for  a  time, 
follows  a  more  gradual  decay  rate  (Fig.  IS). 

At  greater  distance,  less  structure  is  evident 
in  the  pressure  histories  (Fig.  IS),  and  only 
rough  values  of  peak  stress  and  total  Impulse 
are  derivable  from  them.  .>  similar  descrip¬ 
tion  applies  to  the  pressure  histories  at  posi¬ 
tions  along  the  une  inclined  at  45  degrees 
from  the  horiaontal  (Ffge.  17  and  18),  but  the 
Pi  essure-tlme  relatlonr  »t  oninta  along  the 
surface  are  quite  different.  Alcmg  ths  surface, 
air  pressures  arrive  ffrot  !.'lgs.  19  and  20), 
droi^lng  from  a  peak  air  it-  ressure  (not 
shown  in  Figii.  19  and  2i>)  e.  "slowly'  decay¬ 
ing  flreliall  pi  'csure.  Later  -iie  direct  giviund 
s..ocfc  arrives,  driving  the  pressure  up  one  or 
more  orders  of  magnitude  for  a  short  time. 
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Fig.  U  -  The  velocity  ueld— velocity  meter*  of  rock  ma**  at  t  =  105  m*ec 


At  distances  bcycttJ  a  few  lO's  of  metersfFlft. 
20),  It  U  cleai  that  In  surface-preBr..j'e  nis* 
lories  the  dlrev  t  jhcck  rapidly  drops  out  of 
importance,  and  at  liirlzoulal  distances  much 
greater  than  ICO  m,  the  direct  shock  ran  be 
Ignored.  But  It  does  not  follow  that  the  direct 
shock  can  be  Ignored  at  depths  below  the  sur¬ 
face  at  the  same  horizontal  distances. 
Referring  to  Fig.  13,  It  Is  evident  that  Uie 
direct  shock  brings  pressures  up  to  2  kbar 
out  to  a  distance  larger  than  200  m,  but  at 
'^epth  of  some  100  m.  Even  at  a  SO-m  depth 
one  would  eigiect  1  kbar  and  perhaps  1/2 
kbar  (>  7000  psi)  at  depths  less  than  X  m 
and  at  ranges  better  than  200  m.  A*  dis¬ 
tances  much  beyond  200  m,  however,  and  at 
depths  of  less  than  100  m  (or  more  nearly 
correctly,  at  depths  such  that  a  direct  line  to 
the  point  of  explosion  makes  an  Inclination 
from  the  horizontal  of  less  than  about  20 
degrees),  it  is  the  air  blast  a'one  which 
creates  the  pressure  pulse.  The  peak  over¬ 
pressure  from  the  air  blast  wil)  be  almost  iui 
order  of  magnitude  higher  than  that  from  the 
direct  sh'Kk  at  100  m,  while  the  air  blast 
Impulse  is  already  a  little  larger  than  the 
Impulse  In  the  direct  shock  at  the  surface  at 
that  distance. 


In  Fig.  21,  th£  peak  pressures  In  the 
direct  shock  are  shown  versus  the  radial 
distance  from  the  point  of  hurst  for  the  three 
directions,  as  solid  curves  labeled  vertical 
(v),  horizontal  (h),  and  diagonal  (o).  In  the 
early,  strong  shock  region  the  decay  of  pres¬ 
sure  Is  approximately  like  the  inverse  cube  of 
distance  while  at  lower  pressures,  the  decay 
is  less  rapid,  approaching  a  slope  like  the 
inverse  three-halves  power  of  the  radial 
distance.  The  pressures  along  the  surface  {  h) 
continue  to  drop  rapidly  even  at  large  dis¬ 
tances,  since  a  rarefaction  wave  propagates 
downward  from  the  surface  on  which  the  air 
pressure  tc  at  every  instant  much  lower  than 
the  vertical  ground  shock  pressures.  The  air 
was  not  always  at  a  lower  pressure,  since  at 
an  earlier  time  the  air  shock  created  sui  lace 
pr<  ssures  much  hlgher-’;.Uxit  as  indicated  by 
the  small  circles.  The  dashed  curves  are 
from  the  Ideal  gas  calcaiation;  these  begin  at 
highei  pressures  but  continue  to  drop  rapidly 
at  low  pressures  because  of  the  strer. .  shock 
restriction  Involved  in  the  Ideal  ga."  c:‘ '  '■■■fa- 
tloos.  The  shock  compression  in  cue  >^::.'tical 
and  horlzontrl  dlrectiout'  is  indicated  b;,  the 
curves  Ube..d  lO(i)-l)  (where  t)  = 

Thus  at  10  m,  the  vertical  shock  has  a  density 
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r  (m*) 


IS  -  f'reoure  verauk  time  at  indicated  depths  (m)  below  burst  point 


Of  2^,  and  the  horizontal  ahock  a  density  of 
-  1.5  P.. 

Figure  22  shows  the  maximum  comnoneulo 
of  velocity  as  a  (unction  of  distance  down  the 
vertical  and  also  horizontally.  From  this  one 
obse.-^es  that  the  velocities  along  the  vertical 
are  dominantly  vertical  (V,)  but  have  some 
slight  radial  component  (u^)  indicatti^  some 
hemispherical  divergence.  The  velocities 
along  the  horizontal  are  both  upward  (  -V,)  and 
outward  (u„),  and  of  comparable  magnltudesat 
most  distances. 

As  the  problem  progressed  and  as  it  was 
necessary  to  include  more  ni''.terial  Into  which 
the  shock  could  run,  new  ani  larger  sets  of 
zones  were  arranged,  and  the  hydrodynamic 
variables  were  adjusted  to  the  new  grid, 
^.ccordlng  to  the  conservation  laws.  When 
such  new  grids  were  Introduced,  those  massro 
above  tlie  initial  surface,  having  high-speed 
motions  upwanl,  were  omitted.  In  excluding 


these  Jettisoned  materials  some  energy  and 
mass  is  lost  to  the  system.  Slightly  less  than 
50  kilotons  (So  KT)  of  nusa  were  ejected  by 
this  procedure  (in  tne  100  msec  covered).  (It 
Is  estimated  that  altogether  scraethlng  on  the 
oi  der  of  megatons  of  material  are  carried 
aloft  and  tossed  out  of  the  crater  from  such  an 
explosion.)  Figure  13  shows  this  mass  loss  as 
a  function  of  time  along  with  the  energy 
cnanges. 

A  study  of  tbs  energy-time  rt  latlons 
shown  in  Fig.  23.  leads  to  the  following 
observatloss:  The  downward  kinetic  energy. 
Initially  half  ^  •aegaton,  decreases  rapidly  aa 
the  iinock  develops  in  the  :..<rr'.cjidiug  reck. 

The  heat  or  internal  energy  bui'da  up  rapidly 
at  the  eqwose  of  the  'nitlai  ki-  '-tlc  energy,  but 
begins  to  return  to  kinetic  enn  -  as  si’^'ace 
material  blows  eft.  The  sharp  -^ttips  In 
eneiT.7  occur  aa  i  *awn  -off  maa^-js  and  their 
asso..isted  energies  are  eliminated  at  grid 
changes.  Note  la  Fig.  23  that  the  btggest  drop 
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Fig.  22  •  J^^aximum  component*  of  velocity  ac  a  function  of 
distance  down  the  vertical^  and  huriacotaliy 


Fig.  ci  »  £nerg/  and  mast  lose  veranc  time 


Is  In  the  kinetic  energy.  The  toul  energy 
drops  because  of  such  periodic  (and  arbitiiry) 
mass  losses  and  because  of  the  work  done 
continuously  against  ^he  high-pressure  air  of 
the  fireball  above.  At  the  begin  iing,  the  total 
energy  is  600  KT  or  30  percent  of  2  UT, 

.M.*-  by  the  time  the  direct  shock  is  out  some 
50  m,  the  energy  is  down  to  less  than  100  KT 
(<  5  percent)  and  must  diop  further  by  both 
mechanisms. 

The  seemirgly  strange  bc.havicr  cl  the 
internal  energy  at  late  times  (Fig.  23)  is  an 
unfortunate  consequence  u.'  the  ti  eacment  of 
energies  and  pressures  at  low  densities. 
Although  negativ.-  pressures  were  not  allowed 
(replaced  as  rero)  in  the  calculation,  negative 
internal  energies  did  arise  Ir.  low-pressure, 
lo<-/-'den3lty  zones  as  these  zones  did  work  on 
their  surrounding  zones.  The  lack  of  con¬ 
sistency  here  is  considered  to  be  due  to  un¬ 
damped  and  nearly  random  kinetic  motions 
which  absorb  the  energy  and  thus  cause  it  to 
be  recort^i  as  kinetic  rather  than  as  internal. 
It  is  perha./S  only  a  misidentlfication  which 
tc  .'.es  the  qnergy  partition  motions  artificial; 
but  it  mav  also  be  a  source  of  real  error 
since— if  energies  were  allowed  to  become 
consistent  with  a  simple  gas  pressure— the 
pressures  might  well  have  been  higher, 
causing  further  accelerations.  This  effective 
transfer  of  energy  did  not  become  seriously 
"out  of  line"  until  times  after  10  msec,  so 
that— although  iate-tlme  information  may  be 
of  doubtful  accu:  oy— the  early  history  should 
still  he  correct. 

An  investigation  of  ways  to  avoid  this 
trouble  is  still  in  progress,  although  it  is 
currently  expected  that  the  general  features 
oi  the  present  calculation  wUl  remain  unal¬ 
tered  by  the  correction  of  this  Inconsistency. 


C-'-.’CLUSIONS 

Perhaps  the  most  significant  result  to 
come  out  of  these  preliminary  calculations, 
aside  from  (he  general  observation  that  the 
method  seems  capable  of  offering  ar.  inter- 
pretaticn  of  the  cratering  phenomena,  is  that 
the  Kinetic  energy  in  the  bomb  debris  when  it 
reaches  the  j-'ouud  is  the  most  important 
mechanisr.i  in  Inducing  the  ground  motlun 
below  the  crater,  as  well  as  in  the  formation 
of  the  crater  itself. 

Thic  I'a.t  implies  that  the  crater  size 
.ih.'uld  be  very  sensitive  to  the  height  of  burst 
near  the  ground.  For  <f  the  debris  must 
travel  even  a  short  distance  through  air 


before  contacting  the  ground,  its  energy  may 
be  tierloasly  red.r red  as  it  drives  a  strong  air 
shoidc.  This  ene.  ,y  is  quickly  radiated  away 
to, the  periphery  of  the  fireball  and  contributes 
to  increasing  the  air  'clast  at  the  expense  of 
cratering  efficiency. 

Moreover,  it  implies  Inat  the  cratering  is 
sensitive  to  the  delalls  of  tiie  bom'c  dlsassem- 
b’v  in  that  this  process  determines  the  parti- 
i...nuis  c '  comb  energy  between  the  debris' 
laUrnal  and  kinetic  energy  and  that  radiated 
away  to  air.  This  indicates  that  saallow 
burial  or  denser  case  should  enhance  crater¬ 
ing  efficiency. 

it  also  shows  that  comparisons  with  hlgh- 
explcslve  bursts  in  this  re^me  would  seem 
particularly  unfruitful  because  the  early 
energy  partitions  between  explosive  gases, 
air,  a.nd  earth  are  vastly  different. 

It  Is  a  further  rvinarke'cle  quality  that  the 
presence  of  a  nearly  free  surface  causes  the 
strenn  patterns  below  the  burst  to  be  elongated 
aloi  the  vertical  axis,  tact  that  the  pres¬ 
sures  along  the  shock  front  're  I'ar  from 
uniform  at  any  given  time  is  understandable 
In  terms  of  the  geometry  of  the  S'lrface  burst, 
txit  Is  not  always  a  recognized  factor  In  pre¬ 
vious  analysis  of  ground  shocks  generated  by 
low  air,  surface  or  shallow-burled  nuclear 
bursts. 

A  further  feature  worthy  of  reiteration  Is 
the  nature  of  the  continuous  loss  of  effective 
energy  in  the  ground  medium  due  both  to  the 
work  done  by  the  expanding  ground  against  air 
overpressure  and  to  the  essential  dlsassocla- 
tlon  of  Jetting  material  from  the  main  body  of 
soil  or  rock. 

It  would  appear  that  further  Investigations 
should  include  studies  of 

1.  Subsurface  bursts. 

2.  Bursts  in  other  material's,  both  hard 
rock  and  dry  soil.  (It  may  prove  interesting 
to  consider  eome  cases  of  burets  on  wet  soils 
or  even  arster.) 

3.  iligb  explosive  bursts  for  the  sake  of 
comparlaon  and  to  illuetr -te  more  clearly  the 
differencea  in  the  action  between  nuc.Cai  .-ad 
chemical  explosions. 

4.  8t>ecUl  geometries  of  high  exjl'."  >  e 
charges  with  a  view  lo  modeling  the  atr:*' 
wave  history  o'  a  nuclear  e....-.'osion  (ar. 
investigation  ci  this  possibility  is  currently 
under  study  at  .SRI  with  DASA  sponsorship). 
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These  preliminary  calculations  were 
Intended  to  reveal  the  basic  ij>ture  oi  the 
cratering  process  and  tlie  iormatlm  of  ground 
shocks.  That  the  hydrodynamic  model  was 
used  should  always  be  kept  in  mind.  This 
limits  the  strict  applicability  of  these  results 
to  pressures  greater  than  8  kbar  (which  cor¬ 
responds  to  compressions  of  greater  than  10 
percent)  for  the  soft  rock,  tuff,  vriiich  was  the 
only  material  considered.  It  la  believe^  •-■'at 
above  this  compression  ar.d  pressure,  tne 
results  are  substantially  correct,  although  the 
various  uncertainties  could  easily  Isad  to 
errors  of  au<ut  a  iacior  of  two. 

Even  recognizing  this,  it  is  of  interest  to 
examine  the  results  of  the  presen.  model 
beyond  the  region  of  its  strict  applicability, 
for  it  IS  not  unreasonable  to  expect  that  at 
least  the  first  motions  are  given  correctly  tqr 
it,  leading  to  roughly  correct  values  of  peak 
pressure  and  peak  velocity.  However,  the 
energetics  at  late  times  are  questionable,  and 
are  subject  to  further  interpretation. 

It  is  hoped  that  the  results  presenteo  usre 
will  furnlsli  useful  guidance  and  Inputs  to 
further  studies  at  lower  stress  levels,  which 
are  very  Important  to  the  design  of  protective 
structurer.  At  these  lower  stress  levels,  the 
present  hydrodynamic  model  must  bo  replaced 


by  one  which  considers  the  tensor  nature  of 
the  equation  of  state. 
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DUtCUSaON 


Mr-  Chastsyka  (Armour  Rsaearch  Foun¬ 
dation);  At  what  acJl  prsaaurs"  did  you  flnii 
that  tha  soil  stopped  going  Into  the  elr? 

Mr,  Bjork;  The  soil  was  tlyinf  Into  tha 
air  as  far  as  we  carried  the  cxiculat'.on. 


Uafbrtuaatsly  !  d^n't  iiav»  :  lat  preesure  lifted 
here. 


Mr.  Chaazeylm:  Approximately  what  soil 
presaura  do  you  tiilnk  that  was? 
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Dr.  Brode  (Chairman.  Rand  Corporation): 
At  the  iaet  time,  roughly  100  ma,  part  cu  it 
r.'aa  still  streaming  from  the  surface.  There 
was  still,  in  other  words,  a  pressure  gradient 
up'vard, 

Mr.  Chaazeylia:  Well,  the  coil  vaporizes 
at  well  over  100  kbar;  and  if  the  soli  is  net 
vaporized,  I  just  wonder  how  it  could  be  going 
up  in  the  a*.-? 

Mr.  Bjoite:  In  Fig.  13,  we  have  tlie  suiu 
tlon  for  the  pressure  field  out  to  about  225  m 
which  is  the  crater  ramus.  The  outer  contour 
is  1/2  Kbar  and  the  next  is  1  kbar.  So  the 
pressure  grament  is  1/2  kbar.  This  kind  of 
pressure  gradient  is  obviously  sufficient  to 
burl  the  ground  into  the  air.  Now  this 
behavior  persisted  out  to  about  3u3  m.  I 
don't  hap^n  to  have  the  exact  pressrres  that 
existed  near  the  ground  surface  at  that  time, 

I  might  add  that  the  streaming  of  these  upper 
particles  is  most  st-ikingly  like  Uie  stream¬ 
ing  O':,  'ets  from  a  surface  burst,  either 
nuclear  or  from  nigh  explosives.  From  the 
high-speed  motion  pictures  one  notices  the 
ssme  k'Rd  of  Jetting  oi  both  vapors  and 
crushed  or  powdered  materials  and  in  some 
rases  even  blocks  of  materials  depending  on 
the  medium. 

Mr,  Chaszeyka:  Yes,  this  Is  a  phe- 
nomena  that  one  oSserves  close  in  where  the 
pressures  are  extremely  high,  ur  certahnly 
much  highei  .  ;  i  500  kbar.  (Five  hundred 
kilobe.ra  is  way  beh^w  the  vaporUation.)  It 
occurs  to  me  that  the  pressures  at  a  con¬ 
siderable  depth  In  the  ocean,  or  ground,  are 
much  higher  than  they  are  on  the  sjrfacc,  yet 
you  find  no  streaming  Into  the  air. 

Mr.  Bjork:  Oti,  yes.  'Afe're  not  main¬ 
taining  that  the  material  out  here  is 
vaporized  or  even  left  in  a  liquid  form. 

'n'e  jiist  notice  a  mechanical  preasure 
grauleot  that  will  physically  throw  large 
poi  Uons  of  the  rock  into  ilie  Mr.  Now  ft 
might  be  that  at  this  low-pressure  level  we 
should  put  in  the  strength  of  the  tuff.  It 
might  be  that  It  won't  be  overcome.  In  fart 
it's  probable  because  this  represents  about 
tbs  periphery  of  the  crater  and  you  know  from 
experlm.at  you  don't  get  malertal  thrown  into 
the  air.  If  thla  were  a  fluid  it  would  be  thrown 
into  the  al.',  Ixit  putting  In  the  strength  effects 
will  prouauly  kill  fbe  motion  about  thin  point— 
at  about  this  radius,  that  is. 

Mr.  Chaa-.eyka:  Is  this  verified  by 

experimcnlT' ' 


Dr.  Brode:  At  the  stage  of  the  last  cal  • 
culatlon  the  grco'id  shock,  as  shown  in  Fig. 

13,  Is  slightly  cyond  the  edge  of  the  crater, 
for  a  hardrock  crater.  In  fact,  it's  slightly 
beyond  that  for  a  d’.  y-soll  crater.  In  any 
case,  one  could  hardly  expect  in  a  fluid  model 
such  as  this  to  oe  doing  much  more  than  Ino'i- 
citii;;;  inc  direction  of  lorces.  However,  if 
this  were  an  inconipetenl  rock  or  t.  soil  for 
■*’hi''h  t^'S  model  would  Le  undoubttdiy  as 
good  X .  it  is  for  tuff,  Uien  you  wuuid  expect— 
if  you  put  diese  kinds  of  accelerations  to  the 
material— that  it  will  move.  You  are  in  the 
region  where  material  docs  move  in  the  lip  of 
the  crater  a.zl  in  the  crater  edges.  There 
isn't  nr  jch  strength  to  bverr-ome  in  shear  if 
we're  dealing  with,  say,  a  soil.  The  model 
isn't  so  good  tnat  we  can  distinguish  between 
soil  and  rock  because  :.licr  all  it's  still  a 
fl'jld  model. 

Mr.  Chaszeyka:  Wiiat  you're  saying  is 
that  pressure  Is  better  deimed  as  kinetic 
enorirv.  Is  this  what  you  mean? 

Mr.  Bjork:  No,  we  mean  a  pressure 
Uiat's  generated  by  a  compres&iou  in  the 
material. 

Mr.  Morrison  (AMF):  Were  any  com- 
putations  made  comparing  the  <nr.pulse  of  the 
grtond  pressure  with  the  impulse  of  the  air 
pressure  immediately  above? 

Dr,  Brode:  The  pressures  and  the  dura¬ 
tions  of  p.^ssures  are  such  in  the  air  above 
that  the  total  impulse  at  almost  all  distances 
are  greater  from  the  air  pressures.  The 
Impulse,  at  any  point  below  the  surface  from 
this  ground  shock  is  less  than  the  impulse 
over  a  comparable  area  from  the  air  blast. 
Now  *he  8ignlfi('an''e  of  this  is  questicnable  in 
my  mind.  After  all,  the  impulse  on  the  sur¬ 
face  over  a  week  Is  every  bit  as  great,  just 
from  the  ambient  pressure.  What  is  impor¬ 
tant  Is  the  apeclr^  character,  the  time 
history  of  this  imputse  and.  In  fact,  the  peak 
pressures.  As  was  pointed  out  the  peak  pres¬ 
sures  are  much  higher  than  any  pressure 
delivered  by  the  air  shock  which,  after  a'l  Is 
limited  to.  It.  tlie  very  hirhest  regions,  pres¬ 
sures  like  10*  pst  but  not  nearly  as  high  as 
these  pressures  in  t'.i.'  ground.  The  pulse  is 
shorter  In  this  ground  diock;  thrii.i'ui  , 
slUuMgh  the  pressures  are  much  hUI-'  > ,  the 
impulse  Is  not  as  Iniprcssiv... 

Mjr.  htei  I  Iim:  Am  I  correct  in  umlng 
that, In  the  '  buml,  the  i..ip'rlBe  of  the  fCes- 
sure  St  s  given  distance  from  ground  zero  and 
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fairly  close  to  the  surface  is  actually  greater 
than  the  impulse  of  the  alt  pressure  at  the 
same  point  or  the  overpressure  at  the  same 
point? 

Dr.  Brodc:  Let  me  say  «e  Sthould  be 
more  specific  and  more  careful  about  this. 
Obviously  if  we  get  close  enough  to  the  crater 
region,  to  the  bomb  itself,  the  impulse 
delivered  from  tnis  direct  shock  is 
then  ji'-t  frc~  t***  ••»ock  ttt't  if  we  take 


an  area  ctunparaUe  to  tiir  si:;e  of  the  crater 
and  ^nstder  the  average  impulse  on  that  area 
from  the  air  shock  and  the  impulse  at  any 
point  due  to  this  direct  ground  shock,  then  the 
air  impulse  is  greater.  The  stresses  in  the 
BMl,  however,  are  greater  at  any  time  than 
those  delivereil  by  the  air  shock.  Am  I  read¬ 
ing  your  question  rigl^? 

Mr.  Morrison:  Yes,  I  think  I  have  the 
point  now,  thanks. 
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ANALYTICAL  AND  EXPERIMENTAL  STUDIES 


ON  LOCKING  MEDIA 


Paul  V/cidlingtr 
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A  simimary  f'i  recent  researches  on  stress  wave  propagation  in  locking 
media  are  presented.  Results  of  analytical  and  of  some  experimental 
work  are  given  and  their  implication  on  gruundshock  phenomena  is 
discvissed. 


INTKk.  UCTION 

The  curre.nt  ir.tcresl  and  research activily 
in  wa.e  propagation  in  lucking  and  other  dis¬ 
sipative  media  is  of  such  recent  origin  that  it 
may  bo  useful  to  provide  a  brief  account  of  the 
history  of  these  acliviHes. 

The  work  of  our  group  in  this  field  was 
started  about  4  years  ago  tc  provide  a  theo¬ 
retical  basii  'O'  the  prediction  of  g'ouudshock 
effects.  It  waS  x.r.aay  apparent  at  that  time 
that  (he  <Jata  whicii  were  obtained  frc.n  meas¬ 
urements  ot  groimd  displacements  and  accel¬ 
erations  during  weapons  tests  were  not 
explicable  under  simple  linear  elastic 
assumptions.  In  considering  this  problem, 
the  iirst  significant  observation  is  that  the 
maeroscopic  granular  structure  of  sand  and 
'.if  similar  materials  Implies  a  behavior  which 
18  different  from  that  o'  other  solids.  A 
review  Of  the  literat'ure  shows  that  the  prob¬ 
lem  of  a  granular  mass,  consisting  of  .elastic 
grams,  has  been  extensively  studied.  Tlieae 
researches  were  probably  primarily  moti¬ 
vated  by  selemologicat  problems,  and  have 
h«cu  pursued  by  Japanese  and  American 
scientists  [l-4j.  These  tnvesUgatior.s  were 
restricted  to  the  range  of  elastic  behavior, 
and  it  'urns  VJt  that  the  slight  nonlinearity 
found  In  the  stress-strain  relation  is  insuf¬ 
ficient  to  account  for  the  large  permanent 
deformations  and  other  phenomena  which  are 
manifested  by  soil  masses  under  Mense 
pressure.  Some  of  the  eigierlmental  work, 
however,  which  has  been  carried  out  at 
Columbia  University  |3,4|,  on  cowffresslrn 
tests  of  granular  colunms,  canstr.uded  (>f 


ball-bearings,  provides  an  importari  clue, 
ligh-sfieed  phofegrak’  taken  during  the 
collapse  of  such  pranul'ic  celumns  indicate 
that  the  collapse  mechanism  :cr.s;c.ts  of  a 
rearrangement  ol  grains  from  a  loose  to  a 
dense  packed  nr  compucted  state,  and  during 
the  collapse  a  well-defined  front,  consisting 
of  densely  packed  grains  advances  into  the 
as-yet  undisturbed,  loose-packed  medium. 
This  phenomenon  seems  to  indicate  that  at 
least  a  part  ol  the  essential  mechanism  con¬ 
sists  of  irreversible  compaction  of  the 
medium,  into  a  denser  state,  accompanied  by 
large  volumetric  changes. 

From  tliese  consideratlikts  we  arrive  at  a 
tentative  hypothesis  regarding  th''  character 
of  the  stress-strain  relation  of  gi  'ular 
ni.8Ccs  under  uniaxial  pressure  which  may  be 
described  as  follows: 

First  Stage:  On  initial  compression,  we 
find  a  slightly  nonlinear  elastic  behavior. 

Second  Stage:  Further  compression  may 
produce  a  plastic  flow  and  some  gradual 
breaking  of  grains  which  prochi-'ss  a  softening 
or  plastic  response. 

Third  Stage:  Additlorial  pressure  pro¬ 
duces  a  .'xther  sudden  rearrangement  of 
granules  into  a  less  compressible  stute 
accompanied  by  large  vutumelrlc  ^.nges 
accompanied  by  permanent  strains,  ■  e"l- 
fested  by  the  up-turnl:ig  of  the  st:'*".  -strai.n 
curve. 

This  tiypothesle  can  be  made  plausible  by 
noting  that  the  observed  range  of  the  void 
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ratios  of  san  )  in  th<3  loose  and  densely  packed 
state  is  in  the  ran^e  of  0.3  to  ).u0  while  the 
void  ratio  of  tangent  spheres  of  cqi.al  diameter 
is  computed  to  be  0.3  S  in  loose  packed  and 
0.91  in  the  densest  state,  corresponding  to 
cubic  packing. 

The  generai  form  of  the  stress-strain 
curve  may  be  of  the  form  shown  in  Fig.  1,  and 
it  is  similar  to  the  behavior  of  solids  und'-r 
very  high-hydioaiatic  pressure.  Wave  pi.c- 
notrci:.!  in  materials  which  exhibit  this  type  of 
stress-strain  relation  has  been  ernsidered  in 
the  past  [5,6,T],  but  mathematical  difficulties 
prevent:  the  formulation  of  closed  form  solu¬ 
tions  needed  lor  the  assessment  of  its  effects. 

The  difficulties  can  be  overcome  to  some 
extent  by  representing  the  stress-strain  rela¬ 
tion  by  various  idealized  curves  as  shown  on 
Figs.  2,  3,  and  4.  The  simplest  form  is  that 
of  Fig.  2a  where  the  stress- strain  curve  is 
that  of  a  single  vertical  line  parallel  to  the 


Fig.  t  -  Puaaiblc  form  of 
curve  for 

granular  media 


stress  axis.  ( "his  simplification  is  a  counter¬ 
part  of  the  rigid-plastic  medium  which  is  used 
to  ap(.  axiaiate  the  general  etasto-plastic 
behavior  of  some  materials.)  This  stress- 
strain  diagram  implies  that  upon  initial  load¬ 
ing  the  medium  exerts  no  resistance  until  a 
critical  value  of  the  strain  (or  density)  is 
reached.  Beyoiid  this  critical  strain  the 
material  becomes  mrcmpressible.  Besides 
this  simplest  e.ssumption  one  may  construct 
other  stress-strair  diagrams  sucii  as  shown 
on  Figs.  2b,  2c,  3,  and  4.  These  modifications 
affect  either  the  initial  behavior  of  the  mate¬ 
rial,  making  it  initially  elastic  (Fig,  2b)  or 
initiatly  elasto-plastic  (Fig.  2c)  or  they 
influence  the  behavior  alter  the  critical  strain 
is  reached  by  pei  iiiittlng  a  certain  amount  of 
residual  elasticity,  leading  to  Die  bilinear 
model  of  Fig.  J.  Finally,  If  we  are  interested 
til  more  details  at  lower  levels  of  compression, 
where  the  governing  phenomenon  is  not  that  of 
incompressibility  but  rathei  Jiat  of  a  gxadual 
but  irreversible  volume  change,  the  medium 
may  be  approximatec  by  the  stress-strain 
cut  ve  of  Fig.  4.  which  ic  a  linear  material 
exhibiting  pei.,ian<>nt  strains  a*  all  stress 
levels. 

It  turns  out  tliat  the  materials  character¬ 
ized  by  Figs.  2a  to  2c  have  been  known  for 
nom*  Usic  and  their  behavior  under  static 
loading  has  a  considerable  United  States 
literature  under  the  name  of  locking- media 
or  msterisls  of  limited  incompressibility 
(8-11).  The  problem  of  stress-waves  and 
shocks  In  these  media  have  been  studied  by 
our  group,  and  their  appUcation  to  ground 


Fi|(.  t  .  IJcalizrd  •tre*i-«train  curvei 


Fig.  4  -  Strciifc-vtrAin  of  .. 
linear  niateri^-l  .xliibiti. 
perm,  nent  ■tval.-r  at  oil 
•tr  'iH  idvele 
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fiHAiM  Size  (IN) 

Fig.  5  -  Grain  aisc  distribution  before  and  after  various  test  ic-adii  .s 


Shock  phenomeua  has  also  b«eu  eqilorct! 
[13-slJ.*  Further  search  of  the  literature 
shows  a  considerable  work  on  these  malerials 
by  USSR  scientists  which  also  seems  to  have 
been  originated  since  1952  and  has  been  inten¬ 
sified  in  more  recent  years  [22-29]. 

Compariaon  of  our  work  and  that  of  the 
USSR  group  '  lows  a  very  great  situuartty  in 
appronch  ana  rcotats.  Most  of  the  USSR  work 
is  concentrated  on  vherical  wave  phenoniena, 
but  there  is  a  single  early  attempt  at  formu¬ 
lating  a  two-dimensional  theory  (23).  Most  of 
our  work  considers  plane  waves,  but  spherical 
waves  have  also  been  explored  [Id],  which  is 
similar  to  the  work  In  Ref.  24.  We  note  that 
both  our  work  and  that  of  the  USSR  group  suf¬ 
fered  tor  lack  of  experimental  data.  Ref.  23, 
however,  deacribes  an  ingenious  expertmeot 
with  stnsU-scsla  eigiloalves  for  the  eiplors- 
tion  of  apberlcal  wave  propegation,  Thla 
experUnent  aecis^  to  verity  the  x-ia’/tlcal 
resulta  which  have  beea  obtained  to  far  and  is 
also  useful  to  :f.:i..,uuiw  physical 

constants. 


*Thcse  invc.tlg.tlon.  hav.  b«.a  .ponrarad  by 
v;irloui  organliatiuna,  including  th.  Space 
Tech'i''lugy  Laboratory  and  The  MtTRk  Cor- 
poratioii,  .-ltd  currently  the  Air  Force  Special 
Weapons  Ccn,-r.  Some  of  the  work  ia  baaed 
on  unaponeored  reeearchea. 


STATIC  AND  QUASI- DYNAMIC 
COMPRLJSION  TESTS 

In  order  to  obtain  a  basic  verification  of 
our  assumption  regarding  the  torm  of  the 
streaa-strain  relation  and  the  macroscopic 
mechanism  of  density  changes,  we  hav? 
initiated  high-preasure  experiments  with 
sand.  Previous  U.  S.  experiments  were 
restricted  to  relatively  small,  pressure 
levels  (40  psl),  which  seemed  to  indicate  an 
initial  elaato-plsstlc  behavior  and  also  showed 
some  strain  rate  effects  [30].  Stress  wave 
propagation  correapooding  to  this  behavior 
also  has  been  treated  analytically  [31]. 

Our  expc-rim-.'nts,  performed  at  Columbia 
Univcralty,  were  carried  to  very  high- 
pressure  levels  (15,000  psl)  with  consequent 
loss  of  detail  at  lower  pressures.  The  proce¬ 
dures  sod  results  of  these  experiments  will  be 
published  In  the  near  future.  A  brief  sum¬ 
mary  of  preUminary  results  are  given  as 
follows: 

The  annd  wiilcb  w<i:.  used  Is  chsracter- 
Usd  by  the  standard  grain  size  distribution 
rurv'e  abown  on  Fig,  v.  Also  shown  In  Fig.  5 
Is  ti,e  dlstriUittun  after  alngle  and  repeated 
loadings.  We  note  that  initial  IocmI'  .  producea 
a  substantial  comminution  'if  giai'.is  «>*  addi¬ 
tional  loading  seems  to  have  less  -  ' -  rt  on  the 
Isrgar  grain  sixes.  Truln  were  carri  /J  out 
under  con..DSd  compression  and  lateral  fric¬ 
tion  In  the  contsinsr  was  eliL..';'*fed  to  s 
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STRAIN  |lN/lNI 

Fig.  6  S;>-c««>«tr»in  curve*  (or  tingle  loading  under  a 

•low  and  a  rapidly  applied  load 


degres  that  they  do  not  produce  meaaura  Jle 
effecta.  The  reautUcg  atress- strain  diagram 
(or  atagte  aad  repeated  loading  under  slowly 
applied  loade  (1130  pal  per  aec)  and  very 
rapid  loadii^  (4000  pdi  sec)  are  shown  in 
Figa.  6  and  7. 

From  theae  eigterlmenta  we  draw  the  fol¬ 
lowing  tentative  conclualona: 

1.  Initial  Ugh  intenalty  conipresaloa 
producea  a  atreaa-atraln  relation  wUchahowa 
gtuerali/  upturning  of  tha  curve,  similar  to 
the  one  shown  on  Fig.  1. 

2.  This  behavior  Indicates  a  gradual 
change  in  density,  accompanied  by  comminu¬ 
tion  of  grains. 

3.  Upon  unloading,  very  laige  permanent 
strains  are  manifested,  suggesting  that  this 
type  of  behavior  may  be  approximated  b)'  a 
linear  irreversible  material  characi^rized  by 
the  stress- strain  diagrams  stK  wn  In  r'lg.  4. 


4.  Strain  rate  and  other  dynamic  efleuts 
wlUiin  the  ranges  of  the  experiment  are 
negliglhle. 

5.  Upon  reloading,  the  material  follows 
the  original  unloading  curve  which  shews  a 
slight  recovery.  Repeated  loading  diagrams 
seem  to  Innirate  that  the  principal  mechanism 
may  be  that  of  the  denser  packing  of  grains. 

6.  The  response  lo  repeated  loading  sug¬ 
gests  that  It  approgdmates  that  of  an  Ideal 
locking  msdiam  as  shown  In  Fig.  2. 

ANALYnUAL  Wt»tK 

The  derlvatiun  of  the  emuttions  governing 
the  motion  of  the  various  :. :  ila  (Figs.  2,  3, 
and  4)  have  been  pubUslird  ^.tS]  or  are  in 
the  proceaa  of  publlcatlnn  : '  ( |.  The  foilowlng 
ts  a  brief  suut  -n- ry  of  Uils  Wt.r«ICe 

The  reeuUs  which  are  given  lor  plain 
wave  propagation  consider  the  case  of  a 


33 


Fig.  7  •  btre«s>strain  curve  for  repeated 
very  rapid  loading 


semi'inlinlte  medium  of  a  compacted  density 
of  /  the  surface  of  which  is  subjected  to  a 
suddenly  applied  (zero  rise  time)  decaying 
p-essure  pulse  p(t ),  with  an  initial  value 
iirn>  :  p^.  The  impulse  of  the  pressure  at  a 
time  t  Is 


I  •  1  pft)  Jt  .  (1) 


The  wave  front  propagites  in  the  vertical 
directleti  y  aad  is  located  ^.t  a  given  t'me  at 
depth  f ,  prepagatutg  with  tiie  velocity  i.  The 
peak  stress  and  peak  partlcU  velocity  u, 
occur  at  the  front. 


as  a  rigid  mass,  havliig  a  constant  particle 
velocity  li  throughout.  Conservation  of 
momentum  for  the  entire  compacted  mass 
and  for  any  element  the'eol  requires  that 


and 


(2) 


(3) 


which  with  the  appropriate  initial 
provides  the  relevant  free  field  parsme'ers, 
as  follows: 


i.lnear  Irreversible  Medium  (Fig.  41 

I^wm  application  of  the  decaying  presa>:r«, 
the  medium  behind  the  compaction  front  Kffe 


■  /rV  » 


(4) 

(5) 
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(6) 


(14) 


ir  t  >  I 


t, 


We  note  that  the  front  propagates  at  a  constant 
velocity  corresponding  to  the  acoustic  velocity 
of  the  medium.  The  peak  stress  at  Uie 
front  is  the  smallest  "average  pressure'  -A 
the  impulse  (l.e,,  the  peak  stress  is  equal  to 
the  intensity  of  a  step  pulse  whicn  contains  the 
impulse  of  the  applied  pressure  at  any  instant 
of  time).  Tins  implies,  that  in  case  of  rapidly 
decaying  pressures  a  substantial  attenuation 
of  the-  peak  pressure  will  be  manifested.  In 
the  case  of  an  exponential  pressure  pulse, 
v/ith  a  relaxation  time  of  the  attenuation  of 
the  peak  pressure  at  depth  i  at  a  time,  when 


>’^*1  «  1 
Po 


is  given  by 


(«) 


(9) 


and  wc  note  that  the  attenuation  is  inversely 
proportional  to  the  depth. 


Ideal  Locking  Medium  (Fig.  2a) 

rtic  equation  of  motion  of  this  medium 
is  also  given  by  Eq.  (2);  but,  since  the  com¬ 
pacted  medium  can  exist  at  a  constant  strain 
< only,  the  following  additional  relationship 
exists; 


u  =  *,*  ■ 

These  equations  yield 


it  =  — 


...f 


1  dt 


ft _ 

2  I  I  dt 


(10) 


(11) 


(12) 


(13) 


The  lung  time  attenuation  of  the  peak  front 
stress,  is  obtained  as  previously  and 
given  by 
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We  note  *bat  the  attenuation  grows  with  the 
Inverse  square  of  the  depth. 


Bilinear  Medium  (Figs.  3  and  8) 

This  model  recognizes  the  existence  of  an 
mitial  elastic  behavior  and  some  additional  but 
much  smaller  residual  elasticity  after  com¬ 
pression  has  occurred.  If  the  second  branch 
of  the  st^-ess-stratn  curve  Is  rotated,  we 
obtain  at  one  extreme  a  fully  elastic  medium 
and  in  the  other  extreme  a  locking  medium. 
The  range  of  possible  re^ionses  (from  eia.sLc 
to  locking)  seems  cO  Imply  that  the  general 
behavior,  and  especially  the  attenuation  of 
peak  pressure  must  be  dependent  on  the  phys¬ 
ical  constants  of  the  medium.  Detailed 
invesligations,  however,  show  that  for  each 
set  of  physical  cxistants  a  depth  can  bo 
defined  bevo"d  which  the  influence  of^ these 
constants  is  negligible.  This  fact  is  crucial 
because  it  permils  us  to  estimate  the  attenua¬ 
tion  of  the  stresses  witli  depth  even  when  the 
magnitude  of  tlie  physical  characteristics  of 
the  material  are  given  only  approximately 
within  a  rather  wide  range. 

The  ooe-diir  ensional  wave  equations 
governing  the  behavior  ot  the  medium  are 
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where  c  is  the  acoustic  veiocity  associiied 
with  the  second  branch  of  the  curve. 

The  shock  veiocity  is 

‘  ■v'T 

where  E  is  the  secant  moduius,  given  by 


of  a  locking  mediur.i)  is  the  iocation  of  the 
shock  front  at  tii  ic  whon  the  principal  rare¬ 
faction  wave  fiom  the  surface  catches  up  with 
the  front.  It  is  of  interest  to  note  that  the 
USSR  experimental  work  [118]  in  spherical 
wave  propagation  seems  to  confirm  these 
analytl'al  findings.  These  eigieriments  show 
a  very  weak  dep<mdence  of  the  velocity  field 
on  the  properties  of  the  medium. 


(id)  S)>herir.il  Waves 


These  quantities  cannot  be  obtained  in  closed 
form  but  a  sii.iple  numerical  method  is  given 
in  Ref.  17.  The  result  of  such  computations 
is  shown  on  Fig.  9,  which  also  illustrates  the 
independence  of  the  attenuation  beyond  a  given 
depth.  This  particular  depth  is  given  by 


wliere  is  the  elastic  strain  on  the  second 
branch  of  the  curve  measured  from  the  strain 
1.^ .  The  physical  interpretation  of  this  depth 
(beyond  which  the  attenuation  of  a  bilinear 
medium  is  not  significantly  different  from  that 


To  treat  this  case  certain  three- 
dimen.sional  properties  of  a  locking  medium 
n.ust  ue  defined.  The  ci  i'.ical  strain,  or 
strain  where  locking  occurs  must  be  replaced 
by  a  critical  value  of  t'  e  dilatation  ;  so  that 

;  =  1  -  ^  (20) 

‘'J 

where  and  aj  are  the  initial  and  compacted 
u.-nsities  of  the  medl>>'n.  Once  this  cp’*'pac- 
lion  has  occurred,  the  medium  become^  Incom¬ 
pressible,  and  it  satisfies  a  yield  rendition  of 
the  form 


F)k-  9  «  oi  computr.tion*  for  bilinear  medittm 
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This  is  derivabie  from  Couiomb’s  law  of  fail¬ 
ure  and  where  and  arc  radial  and 
iangentlal  principal  stresses,  atid  c  and  k  are 
constant  characteristics  of  the  medium.  If 
cohesion  is  negligible,  the  expression  sim¬ 
plifies  to  I 

Of)  -  .  (22) 

The  spherical  wave  equation  for  this  mod'um 
is  given  by 


where  i  is  the  acceleration  of  a  particle  at  a 
radial  distance  r .  Closed  form  asymptotic 
short-time  ant  ong-time  solutions  of  these 
equations  are  given  in  Ref.  16  for  particular 
types  of  Inputs.  The  stress  at  the  wave  front 
R  is  generally 

iR  =  ( 1  -  . )  R  ^  (24) 

where  the  shock  velocity  R  of  the  lone  tinie 
solution  in  case  of  an  ideal  gas  explosion  is  of 
the  form 

R^.R-^’  (25) 

where  >  is  a  gas  constant. 

\  second  solution  of  interest  is  the  case 
of  exploding  point  mase  u  with  a  kinetic 
ene;;;.  of  i  2  MR which  is  given  by 


where  r,  and  m  are  constants  depending  on 
the  point  mass  and  depending  on  the  medium. 


APPUCATION  TO  GROUNDSHOCK 
PHENOMENA 

The  analytical  expressions  which  have 
been  presenter:  in  the  previous  sections  have 
been  applied  to  various  problems  connected 
with  groundshock  phenomena; 

1.  Prediction  of  ground  accelerations  and 
displacements.  In  Ref.  13,  a  comparison  has 
been  made  between  predicted  and  measured 


free  field  par_meters  obtained  at  Operation 
Plumhob.  The  results  ot  comparison 
indie  '9  very  gixid  agreements  with  the  accu¬ 
racy  of  measurements. 

2.  The  very  high  attenuation  which  is  i.ndi- 
cated  by  the  anailysis,  suggests  the  use  of  dry, 
loose  sand  as  a  preferable  site  for  deep  under¬ 
ground  shelters.  The  attenuation  cf  peak 
stresses  under  ground  zero  of  a  very  high 
yield  burst  is  shown  on  Fig.  10,  for  two  types 
of  locking  media. 

We  note  that  at  a  depth  500  to  1000  feet  tlie 
stress  in  the  medium  decays  to  the  order  of 
1000  psi;  and  we  also  observe  (as  predicted  in 
the  previous  secr'on)  that  this  attenuation  is 
nearly  identical  for  materials  where  the  criti¬ 
cal  strain  at  compacllon  is  in  the  range  0.02  to 
0.10.  Further  numerical  computations  indicate 
that  the  stresses  due  to  reflection  fro-m  an 
elastic  rock  Layer  (in  whic:>  '.he  shelter  struc¬ 
ture  may  be  located)  are  also  of  a  reasonable 
magnitu^;. 


Fill.  10  -  Attenuation  uf  ijeak  stresses 
'.itiiier  ground  zero  *w:  •  yes  ujl  locking 
media  and  for  .  high  ield  burst 
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AN  EXPERIMENT  ON  SOUS  LOADED  DYNAMICALLY 
BY  A  SHOCK  TUBE 


H.^ro'd  R.  J.  Walsh 
ArSWC 

Kirilaiid  AFB,  Now  Mexicii 


As  a  part  of  tho  r'-'  'rant  to  dovelop  improved  methods  for  design  of 
underground  prt/i  1 1 tures,  the  Air  Force  has  been  conducting 

a  limited  number  a  soil  samples  using  a  shock  tube  as  the 

dynamic  1  lading  dev  the  purpose  ol  this  paper  is  to  describe  the 

expert  -  ttai  techniques  and  procedures  found  appropriate  foi  tlsise 
tests,  ilso  to  describe  the  extent  to  which  variat>ons  in  properties 

of  th<‘  itt  rnples  were  indicated  by  differences  in  the  measiu't  ments 
made  durii.,;  :ae  tests  performed. 


INTRODUCTION 

Citrldin  difficulties  exist  in  any  test  in¬ 
tended  to  provide  a  measurement  of  the  be¬ 
havior  of  all  soils  under  high  dynamic  loads. 
But,  a  test  which  demonstrated,  even  grossly, 
the  differences  in  that  behavior  for  of  a 
wide  range  of  u.'oncrties  might  assist  in  the 
devciopnient  both  of  better  tests  and  of  analy¬ 
sis  methods,  by  providing  a  clearer  view  of 
the  phenomenon.  These  tests  were  intended 
to  investigate  the  experimental  difficulties  in 
the  hope  of  mak'ng  a  clear  view  possible. 

The  difficulties  arise  largely  from  the 
fact  that  soil  is  a  mass  ol  particles,  and  so 
can  to  a  considerable  degree,  both  distribute 
aijpiied  forces,  and  deform,  in  three  dimen¬ 
sions.  As  a  result,  soil  can  arch  between  the 
wai’s  of  rigid  cortoiners  while  i:r..-]ergoing  the 
1..1  c  Mirains  oi  which  it  Is  capable.  Also,  it 
arches  around  and  interacts  with  gages  or 
structures  buried  in  it,  unless  they  have  U.e 
.°aine  stiffiies.i  as  the  soil,  both  on  every  sur¬ 
face  and  in  a  volume  sense;  therefore,  one 
would  siot  e.xpect  a  buried  gage  to  read  stress 
or  strain  directly.  If  the  sample  boundaries 
are  given  flexibility  to  prevent  arching  or 
friction,  of  course,  the  muamirement  of  either 
stress  or  strain  at  a  point  on  them  is  a  prob¬ 
lem  even  under  static  loads,  as  in  the  triaxial 
shear  apparatus. 


A  further  problem  is  that  many  soils, 
under  the  loads  of  interest,  compact,  or  are 
deformed  permanently.  Therefore,  they  at¬ 
tenuate  energy  and  canjiot  be  expected  to 
transmit  a  pulse  unchanged.  In  combination 
with  arching,  interaction,  and  three- 
dimensional  dispersion,  this  phenomenon 
makes  it  impossible  either  to  predict  the  dis¬ 
turbance  which  will  occur  at  a  certain  point; 
or  to  predict  the  reqionse  of  a  gage  at  that 
point,  even  if  the  disturbance  were  known;  or 
from  the  observed  output  of  a  gage  at  any 
point  to  describe  the  disturbance  felt  by  the 
soil.  Thus,  it  would  appear  that  no  experi¬ 
ment  could  yield  an  analyzable  reading,  with  a 
practical  gage. 

These  experiments  were  designed  to  test 
certain  assumptions  concerning  the  difficulties 
described  above  which,  1!  c.nrrect,  would  make 
possible  tests  with  a  more  general  application. 
The  basic  assumption  v.as  that  a  gage  of  given 
size  and  stiffness  would  always  be  affected  by 
aivMng  and  interaction,  to  about  the  same  de¬ 
gree,  whenever  embedded  in  a  soil  sample  of 
the  same  properties,  or  in  different  soil  sam¬ 
ples  whose  stiffness,  in  a  bulk  modulus  sense, 
was  approximately  the  same  There'-, re,  a 
meth^  would  exist  to  "calibrate"  a  ;;  r'  for 
use  ill  a  soil  sample  of  that  stiffnecr  yrovided 
the  dynamic  load  were  kept  in  the  san\  range. 
Similarly,  .  was  assumed  that  friction  with 
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the  container  and  arching  between  its  walls 
would  be  reproduced  in  sampioy  oi  the  same 
properties,  particularly  in  a  relatively  rigid 
container.  Therefore,  m  attempt  would  be 
made  to  eliminate  or  to  reduce  the  friction  or 
the  other  boundary  forces;  instead,  an  attempt 
would  be  made  to  measure  them,  aind  from 
knowledge  of  the  force-time  history  on  all  the 
boundaries,  to  describe  the  disturbance  his¬ 
tory  at  a  particular  point  in  the  sample,  ^n 
this  way,  the  calibration  for  a  gage  at  tluu. 
l>oint  <.ould  be  given  real  meaning. 

The  coi't  elation  of  records  ol  'juried  gage 
outputs  with  boundary  forces  would  not  be 
feasible,  after  a  very  short  initial  period,  if 
the  soil  sample  acted  in  a  manner  very  simi¬ 
lar  to  a  linearly  elastic  body.  The  length  of 
usable  record,  in  that  case,  would  depend  on 
the  sample  size  and  wave  velocities.  After 
that  time,  the  disturbance  from  the  waves  re¬ 
flecting  at  the  boiaidaries  would  so  confuse  the 
records  at  any  point  that  it  would  not  be  possi¬ 
ble  to  relate  any  later  output  to  any  boundary 
force.  However,  it  was  assumed  that  at  lea... 
the  low-density  soils  would  be  loaded  far  b.- 
yond  Uieir  elastic  range,  and  the  response 
would  soon  damp  out,  permitting,  at  least, 
correlation  of  integrated  records  on  a  total 
impulse  basis;  for  this  reason,  a  fairly  long 
observation  time  was  used. 

It  can  be  seen  that  the  approach  described. 
If  the  assumptions  were  correct,  would  permit 
stu  ‘it  the  distribution  ot  dynamic  loads 
withi.i  the  cooUiner  of  soil,  and  also  within 
samples  with  different  boundaries,  by  use  of 
Ihu  calibrated  gagee.  Also,  even  though  it 
would  not  eolve  the  arching  and  interaction 
about  the  gage  ueed,  it  would  permit  use  of 
thoae  gages  to  study  Ui«i  phenomena  near  small 
structures  in  soil  samples  of  any  configuration. 
For  either  of  these  purposes,  the  soil  samples 
would  all  have  to  be  carefully  prepared  so  as 
to  be  equal  to  thoae  in  which  the  gages  had 
been  calibrated. 


APPARATUS  AMD  PHOCEDURE 

The  6-lt  shock  tube  has  been  shown  in  a 
aeries  of  previous  eaperiments  (l|  to  bo  capa¬ 
ble  of  delivering  an  adequate  and  reproducible 
load  to  soil  samples.  In  timae  teats,  the  piezo¬ 
electric  gagee  embedded  In  the  aoil  appeared 
to  read  forcea  in  a  syetematlc  manner.  Study 
of  the  apparatus  and  records  did  Indicats, 
however,  that  there  might  well  be  disturbance 
of  the  soil  container  by  the  mottooa  of  the 
ahock  tube,  upon  which  it  was  mounted. 


K  was  de-ided,  therefore,  to  manufacture 
a  new  conuiner  which  would  be  mocuted  on 
supp'  Is  independent  of  the  shock  tube  motions 
and  with  a  sufficient  air  gap  to  prevent  contact. 
Also,  the  manner  of  mounting  would  permit 
insuiimeatation  of  the  supports  to  read  the 
container  reactions.  Eventually,  the  wails  ui 
the  container  could  be  instrumented  with  strain 
gages,  if  possible,  in  an  attempt  to  measure 
the  forces  carried  into  them  from  the  sample, 
by  frfoUon  or  arching.  In  this  preliminary 
aeries  of  tests  the  reactions  would  be  recorded 
separately  as  vertical  and  horizontal  compo¬ 
nents,  and  the  major  overturning  moment  on 
the  container.  Piezoelectric  gages  would  be 
buried  in  the  samples,  and  others  would  mon¬ 
itor  the  air  overpressure  changes  above  the 
MHiia  surface.  The  reactioo  records  would 
be  conaidereL.  to  be  the  response  of  the  ren- 
tainer  anppoite  to  the  gross  sum  of  the  forces 
exerted  on  the  container  by  the  soil  sample. 
Together  with  thn  air  mosiiur  record:*,  these 
would  provide  some  measirement  of  the 
forces  on  all  of  the  sample  boundaries.  In 
paiticular,  tn  the  extent  that  one  could  con¬ 
sider  a  plane  wave  to  travel  downward  through 
the  Gootaiaer,  a  comparison  of  the  vertical 
forces  on  the  sample  to  the  output  of  buried 
gages,  oriented  vertically,  would  seem  possi¬ 
ble. 

The  ahcck  tube  that  was  used  is  6  feet  in 
Internal  dteawter,  and,  at  present,  can  be  as¬ 
sembled  to  have  a  maximum  length  of  240  feet. 
The  shock  within  it  is  produced  by  the  explo¬ 
sion  of  prtma-cord  at  one  end;  the  energy  re¬ 
leased  causes  a  wave  of  highly  compressed  air 
to  travel  down  the  length  of  the  tube.  The 
boundaries  enclosing  the  traveling  wave  of  air 
feel  a  very  sudden  rise  in  preaaure,  to  some 
peak  vahis,  followed  by  a  slower  exponential 
decay.  la  these  teats,  the  charge  was  adjusted 
to  give  chosen  peak  overpressures  tn  a  range 
from  2  to  so  pat.  Normally,  the  rise  time  was 
much  less  than  1  msec,  and  the  decay  time  was 
about  O.OSO  sec.  Unfortunately,  becauae  of 
objectfoas  to  noias  la  its  present  location,  the 
■hock  hfoe  had  to  be  operated  with  both  ends 
closed.  As  s  rerjlt,  the  shock  reflected  back 
from  the  ctoaed  end,  aomeu  hat  attenuated, 
reaching  the  tost  section  0.12S  to  0.200  sec 
after  iattlal  shock  arrival,  depending  on  tube 
length.  T*:**  second  shock  shows  as  a  second, 
lesser  peak  on  the  recn-  At;  r-ich  roflectlons, 
of  course,  coatinue  until  the  energy  has  been 
dtssipatod. 

U  lh>.  tetl  section  'f  ii.j  <ihock  tube,  a 
c'.eaiar  acco>  ^  imic  for  mo<"itlng  models  was 
cut  tfarough  tho  outer  shell  and  the  level  testing 
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il<x>r.  A  cylindrical  shield  was  welded  be¬ 
tween  the  floor  and  shell,  to  prevent  sii;  -.■‘is 
from  hitti.ig  the  sides  of  the  models.  Ine 
container  and  its  mounting  system  were  de¬ 
signed  to  provide  the  largest  sample  which, 
when  mounted  in  this  hole,  would  be  :solated 
'rom  the  tube  motions  by  an  air  space  between 
it  and  the  shield.  Also,  all  parts  which  would 
move  with  the  soi'  sample  were  kept  light  in 
weight,  to  reduce  inr  importance  of  inertia 
effects  m  the  rcsp.ose.  To  permit  the  future 
use  of  strain  gages  on  them,  tlie  wails  of  the 
container  had  to  be  rigid,  but  thin  and  nut 
stiffened. 

All  of  the  above  criteria  resulted  in  the 
development  of  a  cylindrical  container  with 
approximate  internal  dimensions  of  23-1/4- 
inch  dcjjth  auu  l7-i/4-ii>ch  diameter.  The 
bottom,  a  circle,  was  cut  from  1-1/2-lnch- 
tl.ick  aluminum  plate.  The  aide  wails  were  of 
1/8-ir.ch-thick  aluminum  sheet  with  all  of  the 
seams  welded. 

The  container  weighs  57  pounds  and  tiulds 
a  soil  sample,  3.14  cubic  feet  in  volume  with 
a  234-square-inch  surface.  Figure  1  shows 
the  container  arranged  in  tlie  shock  tube. 
Mounted  on  beams  spanning  the  foundation  of 
the  shock  tune,  ii  has  about  1/2-lnch  clearance 
from  the  shield. 

Four  rounded  steel  bars  suppoti  the  con¬ 
tainer  and  ar*  instrumented  with  t.tra>n  gages 
to  record  its  ’Ction;  they  are  bolted  rigidly 
into  the  cortiiiner  liottom  plate  and  their  bot¬ 
tom  ends  are  also  bolted  rigidly  into  a  1-1/4- 
inch  aluminum  base  plate. 

The  base  plate  provided  a  rigid  assembly 
for  complete  calibration  outside  the  teit  loca¬ 
tion.  and  its  instrumentation  could  be  thor¬ 
oughly  checked,  without  the  nwesslty  of  dis 
luibing  it  in  any  way  during  installation.  The 
suiiportlng  bars  or  legs  consist  of  7/8-lnch- 
diameter,  high-strength  steel  ground  to  close 
tolerances.  The  unsumstrieO  (en<rth  o(  the 
lego  was  about  5- 1/2  biChes  between  tf.c  base 
plate  and  the  container  bottom.  The  leg  height 
was  adjusted  in  assembly  to  make  the  top 
surface  of  the  cootalner  flush  with  the  flat 
testing  floor  of  tne  shock  tube. 

The  two  steel  beams  which  bnoge  the 
foundation  vu  the  shock  tube  Itself  are  each 
6  Inches  deep  and  weigli  25  lbs  i>«r  ft.  Thetr 
ends  art  bolted  to  bearing  plates  which  rest 
on  the  concrete  floor  of  the  building.  Since 
theae  beams  are  12  feet  long,  their  bearings 
are  outside  the  Joints  wlilch  separate  the  10 
feet-wlde,  shock-tube  foundation  from  tt^e 
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building  floor.  The  container  asscmi'V’  is 
clamped  to  the  bridge  in  the  middle,  on  top  of 
a  2-fect-8quarc,  1/2 -inch  thick  steel  plate 
which  covers  and  Is  fastened  to  the  top  flanges 
t  the  two  beams. 


TESTS  I  j 

The  tests  were  recorded  by  photographing 
oscilloscope  diqilayB  of  gage  outputs.  Several 
combinations  of  recording  cameras,  amplifi¬ 
ers,  and  oscilloscopes  were  available  and 
were  used  to  give  eventually  a  maximum  total 
of  16  channels.  The  records,  however,  oc¬ 
curred  in  three  different  scales  of  time  to  am¬ 
plitude  because  some  channels  used  drum 
cameras  and  others  used  two  sizes  of  normal 
cameras.  It  should  be  noted,  therefore,  that 
the  task  of  obtaining  a  full  set  of  records  from 
a  test,  with  each  channel  in  correct  calibra¬ 
tion,  remained  a  problem,  iiie  mosl  imiHir- 
tiint  Instrumentation  items  in  the  .xperiment 
were  the  gages  burled  in  the  soil  sample— 
small  piezoelectric  gages-the  same  as  those 
used  by  Ourelli  in  earlier  experiments  (l|. 
These  gages  actually  are  cylindrical  crystals 
mounted  in  a  short  metal  tube  about  3/8-inch 
wide  and  deep  so  that  they  luid  forces  on  tlie 
end  surfaces,  primarily.  The  gages  nad  been 
cclibrated  previously  by  ex|»eure  to  a  known 
shock  In  air.  AU  tlie  gages  were  mounted  on 
tlie  center-line  of  ili<.  -oil  sample  ai  varying 
diiptiT  below  the  surface,  with  ■  nbiiive 
fares  oriented  to  read  forces  in  tho  .'tlcal 
direction. 

The  legs,  or  bars,  siipportii.g  Uiu  m- 
talner,  we'  insfrumeiiKd  with  strain  ^^ages 
to  read  the  reaction  In  both  the  vertical  and 
hurlzomal  directions.  Ths  strain  gages  whicli 
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rpad  the  axial  force  on  each  leg  were  assem¬ 
bled  to  eliminate  the  effects  of  moment  or  of 
temperature  on  that  leg.  The  g-ges  intendeo 
to  read  horizontal  forces,  were  actually  as¬ 
sembled  to  respond  to  bending  moment  on  the 
leg  only.  These  gages  were  calibrated  with  a 
known,  static,  horizontal  force. 

The  air  SiVock  passing  over  the  soil  sam¬ 
ple  was  recorded  by  additional  piezoelectric 
gages  mounted  in  the  shock  tube  wall  T' 
gages  were  located,  with  their  surface  flush 
witn  the  inside  surface  of  the  shock  tube, 
i.mmediateiy  to  the  side  of  the  soil  sample. 

Tests  of  two  different  soil  types  are  dis¬ 
cussed  herein.  One  was  a  silty  clay  with  a 
liquid  limit  of  approximately  30;  the  other, 
Ottawa  Sand,  was  between  the  20-30  sieve 
sizes.  With  each,  several  densities  and  mois¬ 
ture  contents  were  used. 

Since  the  major  rmrpose  ol  the  experiment 
required  tl  at  the  properties  of  each  sample 
teste.d  be  thoroughly  known  and  be  uniform 
throughout  the  sample,  care  was  taken  in  ul 
ing  the  samples  in  the  container  and  In  meas¬ 
uring  their  properties.  To  insure  uniform 
moisture  contents,  the  samples  were  carefully 
mixed  before  placing,  and  the  moisture  con¬ 
tents  vtuiC'  measured.  The  samples  were 
placed  in  layi  rs  of  known  weight  and  each 
layer  was  tamped  with  a  specified  number  of 
blows  by  a  hand-operated,  dropped-weight 
tam''er.  specially  built  to  nut  the  container 
diro'.ii.'iops  and  the  soil  types  to  be  tested. 

I'he  tamping  blow  was  caused  by  a  5-pound 
we<g‘it  dropped  12  inches,  with  the  surface 
cootarting  the  soil  having  an  area  of  12  square 
inches  rather  tlon  the  smaller  base  ol  stand¬ 
ard  tampers.  For  some  samples,  intended  to 
have  low  density,  no  tamping  was  used.  The 
elevaiion  of  the  soil  surface  was  measured, 
alter  placing  each  layer,  to  permit  calculations 
from  which  the  uniformity  erf  the  whole  sample 
could  be  estimated.  After  a  tost,  the  sample 
was  unloaded  also  In  layers  of  measured  thick- 
nese,  and  the  weight  and  density  oi  each  layer 
taken. 

In  addition  to  the  soil  tests,  tome  teste 
were  run  with  specially  cast  concrete  cylin¬ 
ders  inatead  of  the  soli  and  container.  The 
thiee  cylinders  were  made  ol  varied-density 
concrete  for  the  intended  purpose  of  providing 
a  PAal  weight  on  the  aupnortlng  beams  cover¬ 
ing  tho  major  pnrtloi.  of  the  soil  teat  "ange. 

'i'he  blocka  provided  u  complete  aystem  which 
remained  easentially  linearly  elastic.  The 
puroose  of  these  teats  was  to  obtain  informa- 
ll'si  (or  developing  a  mathematical  model  (or 
the  soli  by  analysis  of  reaction  i  "cor'^s. 


P.icords  ol  the  strain-gage  .response  to 
the  ol  force  in  tlie  legs  of  the  contairer  on 
three  separate  tests  are  shown  on  fig.  2. 
These  records  are  grouped  because  certain 
test  conditions  were  fairly  comparable.  In 
each  test,  the  overpressure  exerted  by  tho 
shock  in  the  tube  was  20  psi,  and  the  total 
weight  uf  the  sample  atid  -nounting  assembly 
supported  as  a  dead  load  on  the  isolating 
beams  was  nearly  equal.  In  Test  1378,  the 
container  held  307  pounds  of  loose,  dry  Ottawa 
Sand;  with  ttie  mounting  plates  and  legs,  the 
total  weight  was  564  pooivds.  In  Test  1379, 
the  Container  held  311  pounds  of  dry  silty  clay 
which  had  been  compacted  by  25  blows  ol  a 
compacting  hammei  on  each  of  its  eight  lay¬ 
ers,  and  the  comparable  total  weight  was  5SS 
pounds.  Teat  1461  was  performed  on  one  ol 
the  concrete  cylinders  which  w^h  its  special 
plates  and  the  legs  gave  a  wr';;ht  ol  562  pounds 
for  the  compatohle  part  ol  the  responding 
system.  Since  thr  dynamic  load  and  the  mass 
in  the  system  were  the  name.  It  was  expected 
that  dilleren  .rs  between  these  reactior.s  would 
be  caused  by  dilferonces  in  sample  properties 
alone. 

Figure  2(a)  shows  tlie  recorded  vertical 
reaction  for  a  rear,  or  downstream,  leg  of  the 
container  in  each  test,  and  Fig.  2(b)  shows 
similar  records  for  the  upstream  legs.  In 
each  case,  the  record  covers  a  length  of  time 
sufficient  to  include  the  arrival  of  „  second 
air  shock  reflected  back  from  the  closed  down¬ 
stream  emi  ol  the  tidie.  Since  both  ends  ol  the 
tube  were  closed,  similar  shocks  ol  repeatedly 
reduced  strength  continued  to  pass  the  sample 
until  the  aig  shock  had  completely  attenuated, 
but  records  were  kept  over  the  period  of  the 
first  two  arrlvale  only  as  shown. 

A  major  diffeiencc,  between  Shot  1378 
and  the  otW  two  records  which  more  nearly 
resemble  each  other,  Is  obvioue.  The  flatness 
of  1378,  slier  about  Uie  first  50  msec,  indi¬ 
cates  that  Uki  I'orge-amplitude  response  of  the 
system  has  stopped,  although  it  did  not  do  ao 
on  U»  (4her  two.  Sine:  the  Ottawa  Sand  was 
placed  as  looesly  as  was  practical,  it  was  very 
weak  In  compar  ison  to  ths  tamped  silt  and 
even  weaksr  when  compared  to  the  light-woight 
.^uocrets.  Iiie  dllfereiN  e  appears  to  demon¬ 
strate  that  weak  .^oils  have  guid  dam,:ing  and 
energy -abaorbin:;  .abiuty  z  .  they  rapidly 
damp  the  large-.rn'plltude  ;■  ai-ins  of  the  sys¬ 
tem,  whereas-  stronger  i ; "  -  rials  Loutoiue  to 
br  Bubject*i  i  >  I  trite  harnio'..’.'.  motions  for 
■j.'int  time.  This  damping  ability  was  conslid- 
ently  Ceroonstrated  throu'thout  the  program. 
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whenever  the  sample  was  weak  in  relation  to 
the  chosen  overpressure. 

Separate  records  of  eacli  leg  were  kept— 
as  in  the  tests  just  described— for  the  purpose 
of  checking  instrumentation  system  failures 
in  each  leg.  As  a  result,  several  modes  of 
response  of  the  system  are  combined  in  the 
records.  One  motion  is  a  rucking  of  the  entire 
container,  similar  to  a  cantilever  bendipi  at 
its  base,  in  a  vertical  plane  periiendici....-  to 
the  f'-'int  of  the  passing  shock;  in  this  motion, 
a  forward  leg  will  be  in  comprossiun  while  the 
rear  one  is  '•.<  tension  The  rocki-.g  is  appar¬ 
ent  in  two  modes:  a  stow  one  with  a  peri^  of 
about  7S  msec  which  corresponds  reasonably 
well  with  a  motion  m  which  everything  is  rigid 
except  the  two  supporting  beams  bending  ver¬ 
tically  out  of  phase  with  each  other;  and  a 
faster  one,  with  a  period  of  about  3  msec,  in 
which  the  strains  would  be  considered  to  be 
limited  to  the  legs,  the  beams  being  assumed 
rigid.  Another  major  mode  would  be  described 
as  a  vertical  bouncing  of  liie  entire  container 
in  which  the  supporting  beams  bend  in  phar: 
again,  with  a  period  of  abotk  75  mse*'  TV 
periods  quoted  are  those  observed  on  records, 
rather  than  calculated  values.  Calculation  of 
these  values  can,  at  best,  indicate  a  range, 
depending  upon  the  degree  to  which  the  ends 
01  the  I  eaii.s  are  considered  fixed  and  the 
values  given  do  fall  within  the  appropriate 
range. 

tt  wilt  be  noted  that  during  roughly  the 
firat  of  theae  records,  there  appeared 

to  be  a  moment  tending  to  overturn  the  con- 
talsvi  upalreant.  That  la,  the  upstream  leg 
was  In  compresaion  and  the  downstream  leg 
was  in  tensioa.  Thla  will  be  discusaed  later. 

The  records  (Fig.  2)  cever  only  half  the 
supports  of  the  container.  However,  they  do 
indicate  the  entire  vertical  reaction,  since  the 
records  nt  symmetrical  legs  on  anv  teat  usu¬ 
ally  have  reproduced  each  other  cloiely.  The 
clow  almllvlty  between  the  records  (or  the 
correapc:.1liig  legs  Indicatea,  among  ether 
Ullage,  that  rocking  of  the  cootatner  was  neg¬ 
ligible  in  the  Iransverw  dlreciion,  at  Icaal  in 
compa;  Ison  to  the  rocking  in  the  direction  of 
shock  travel. 

A  high  degree  of  reproducibility  was 
achieved  between  separate  teete  In  which  the 
soils  samples  and  atH>ck  loading  were  the 
Same  Tlius,  Fig.  3  shows  superiniieised  re¬ 
action  record!  (or  Shots  1411  and  1421.  For 
each  of  these  teste,  the  container  was  filled 
with  niolel  clayey  slit  compacted  by  200  blows 
on  each  of  six  layers.  In  Shot  Mil.  tl-c 


moisture  coi..ent  was  about  10  percent  and  the 
wet  density  was  105.2  lb  fCr  cu  ft  before  the 
shoi  as  against  9  peroera  and  104  lb  per  cti  ft 
in  Shot  1421.  The  overpressure  was  recorded 
as  19.4  psi  on  1411  and  19.0  psi  on  1471,  but 
this  difference  appears  to  indicate  the  accu¬ 
racy  of  this  measurement  rather  than  a  reai 
difference  in  ine  loading,  the  two  sets  of  re¬ 
action  records  can  bu  seen  to  correspond, 
even  on  a  point-to-point  comparison  over  most 
ol  their  length,  and  liave  no  significant  differ¬ 
ence. 

The  discussion  (just  presented)  relate^ 
only  ta  the  vertical  reaction  or  records  of  the 
axial  force  in  the  supporting  legs.  An  attempt 
was  also  made  lo  measure  the  horizontal  re¬ 
action.  This  approach  consisted  of  reading  the 
sum  of  the  moments  on  the  top  and  bottom  of 
each  leg  by  strain  gages,  and  interpreting  this 
as  a  horizontal  force.  To  obtain  a  calibration 
(or  this  rcadiiut,  Uie  same  values  had  been 
read  with  a  stat;>.  horizontal  force  exerted 
against  the  upstream  side  of  the  container. 

The  records  achieved  a  reproducibility 
comparable  tc  diot  of  the  vertical  records, 
and  they  were  useful  for  detecting  disturbances 
of  the  container  by  motions  of  the  recoiling 
tube.  Usually  the  records  Indicated  that  no 
such  disturbance  existed,  but  in  this  case,  the 
horizontal  force  on  the  soil  surface,  caus^ 
by  the  passing  shock,  cannot  he  determined 
from  tte  records.  Tliese  records  indicate  a 
liorlzootal  Impulse  of  the  same  order  as  the 
vertical  but  exetteci  on  the  soil  in  the  direc¬ 
tion  opposite  to  that  of  shock  travel.  At  first, 
this  might  seem  so  unreasonable  that  the  as- 
sumptions  upon  which  the  calibration  was 
based  migid  be  assumed  wrong.  Under  the 
combined  vertical  and  horizontal  luada  of  the 
test,  the  deformation  of  the  legs  might  be 
thought  greatly  different  (n  m  that  in  the  cal¬ 
ibration.  If  the  pattern  of  deformation  is  dif¬ 
ferent,  of  course,  tlien  the  sum  of  the  moments 
could  bear  a  different  rulation  to  the  horizon¬ 
tal  force.  The  reproducibility  ol  Uie  records, 
pertaining  to  tests  with  the  same  soil  and  load, 
is  shown  in  the  records  of  flhots  1421  and  1411 
(Fig.  4V  These  two  teme  were  conducted  un¬ 
der  Similar  conditions,  and  the  vertical  reac¬ 
tions  of  both  leate  are  shown  in  Fig.  3.  A 
compariaow  rf  the  leg  outputs  shows  reproduc¬ 
ibility  rompemhle  to  th.  auvial  (urce 

gages  in  the  same  testo. 

It  will  be  noticed,  hf  . . ,  that  rec¬ 
ords  indicate  that  the  a'r  uiu,  k  caused  a  hor- 
Iz'  ital  futce  p  ..iiing  the  sar'plc  and  its  con- 
ta,ner  upstream.  This  Is  in  agreement  wttli 
the  dlrnctlon  of  the  overturning  moment  noted 
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in  the  axial  force  records,  presented  earlier. 
Both  at  these  observatloas  would  be  consistent 
with  a  theory  that  the  passing  air  shock  builds 
up  a  pressure  In  the  spare  between  the  con* 
Uiner  auJ  the  tube  shield  which  la  greater 
downstream  of  the  sample  than  upstream. 
According  to  the  knowledge  ot  the  manner  in 
which  air  shocka  raflect  from  surfaces  oppos¬ 
ing  their  directloa  of  travel,  auch  a  diifjrsi.cp 
seema  to  be  quite  possible,  although  no  attecopt 
to  measure  it  was  made.  As  (urthsr  support, 
both  Ihs  horizontal  force  and  the  moment  seem 
tc  ".hange  little  between  teste  on  diflurent  eotla 
at  the  came  over  preasure. 

In  the  form  ao  far  presented,  the  reaction 
records  could  not  be  directly  compared  with 
the  records  of  the  buried  gages  or  of  the  air- 
ahnch  gagas.  Because  itiey  ara  response 


records  fur  such  a  complcsK  system,  they  can¬ 
not  be  compared  to  the  initial  air  shock  load¬ 
ing  at  all  on  a  point-by -point  basis— only  or.  a 
total  impnlss  basis.  A  comparison  with  ths 
records  of  ths  burlsd  gages  on  a  polnt-by  -point 
basts  wonid  sssm  more  valid,  sines  dynamic 
foress  ensited  on  any  pnrt  of  the  container 
should  caiiss  n  signal  on  the  burlsd  gages, 
however.  It  a^^rid  that  the  vertically  ori¬ 
ented  buried  gagss  showed  effects  related  only 
to  ths  total  sum  of  ths  vertical  leg  reactions 
la  the  teat  performed.  Thetatora,  t'-.e  record  , 
of  the  seperale  legs  '  to  be  added  vecto- 
rlally,  so  as  to  e.iimlnoie  *  -•  «igDsls  due  to 
rocking  sad  to  be  aasU/  •  >  rparable,  point 
bv  polal,  to  liH-  burisa  gage  .scords.  In  addi- 
.on,  ti«ir  sum  was  Integraisd  to  ubtoin  toial 
Impulse. 
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Becauite  ot  the  harmonic  nature  of  the 
record,  this  integration  was  carried  to  t;'e 
quarter  points  of  the  major  period  of  steady- 
state  motion,  after  loading  was  completed,  at 
which  times  the  velocity  of  the  masses  con¬ 
cerned  should  be  zero.  Originally,  some  sum- 
lations  and  integrations  were  done  manually, 
and  with  a  planimeter,  as  a  rough  check. 

Later,  the  wiring  was  changed  to  read  the  sum 
of  one  front  and  one  rear  leg  on  one  channel, 
the  other  pair  still  being  read  sepaiately  as  a 
check  on  instx  umemation  failures.  To  impr-v  e 
accuracy  and  also  to  reduce  the  drudgery,  a 
computer  profnram  was  used  eventually  to  sum 
and  integrate  a  number  of  these  records.  The 
integrated  total  impulse  of  tlie  vertical  reac¬ 
tion  for  a  number  of  records,  obtained  from 
the  computer  program,  war.  compared  to  the 
same  quantity  measur^  with  a  planimeter 
from  the  air-inonitur  record  from  that  same 
s.'iot.  It  demonstrated  satisfactory  agreement, 
especially  considering  that  the  air- shock  rec¬ 
ord  did  not  lend  itseU  to  precise  measurement. 
On  thi'  ^isis,  the  reaction  records  must  be 
considei .  d  to  indicate  the  instantaneous  value 
cf  the  forces  between  the  container  and  its 
support  .as  well. 


KECOHDS  OF  UiJniED  GAGES 

Figures  5  through  7  are  records  of  the 
output  from  piezoelectric  gages  buried  in  soil 
samples.  These  records  include  the  outtad  of 
a  piezoelectri.  >ir-presaure  gage,  mounted 
near  tl.u  simple  ard  a  timing  mark.  The  dif¬ 
ference  in  appearance  and  in  time  scale  from 
the  reaction  records  is  because  the  records 
were  obtained  by  drum  cameras.  It  will  be 
.'loticed  that  the  portions  reproduced  cover  a 
shorter  total  time  of  observation  and  do  not 
inciude  the  time  of  arrival  of  the  reflected  air 
shuck. 

The  lirst  records  tn  Fig.  *(a)  an '  ■>), 

Shots  1297  Hid  1299,  show  the  effects  hich 
cai'.  be  caused  by  the  manner  in  which  the 
'.vires  leading  to  the  burled  gages  are  arranged 
within  the  soil  mass.  In  each  case,  dry  silty- 
clay  soil  was  placed  and  corapactsd  to  give 
roughly  the  same  low  density.  Both  were 
rather  weak  samptee.  The  ehock  overpressure 
in  each  t..He  wae  about  20  pei.  The  principal 
diflerence  ic  Uiat  In  Shot  1297,  the  gage  le.ule 
were  stanoard,  shielded,  plaetic-covered, 
two-conduclor  cable,  whereat  in  Shot  1299  the 
leads  to  each  gige  were  two  thin  wiree,  tnru- 
lated  but  not  shielded.  Within  the  eoll  mass 
•he  two  wires  were  spread  apart  several 
inches,  meeting  only  at  the  gage  body  and  at 
their  entrance  through  the  container  bntte.n. 


On  Shot  1299,  the  m.~.jor  outputs  of  the  i'uried 
ga^cs  can  be  see.  to  occur  during  th..'  period 
wiien  the  air-sh  ,k  recoids  indicate  the  sam¬ 
ple  surface  is  loaded.  Also,  the  typical  ver¬ 
tical  leg  forces  for  cuch  weak  soils  (Fig.  2) 
show  si(mificant  response  only  during  the  pe¬ 
riod  when  the  buried  gages  show  an  output 
similar  /o  the  output  in  Shot  1299.  The  buried 
gages  in  Shot  1297,  however,  show  .significant 
■■•tputs  V  iiich  cannot  be  compared  to  these 
buunda.,  forces.  No  other  method  of  wiring 
gages  within  the  soil  sample  was  found  to  give 
comparable  results;  therefore,  thin  spread 
leads  were  used  on  the  piezoelectric  gages 
during  the  rest  of  the  test  reported.  Buried 
gage  re'  ords  (Fig.  5(c)  and  (d))  are  for  Ottawa 
Sand  samples,  compacted  by  about  the  same 
effort  while  at  a  1.67 -percent  moisture  con¬ 
tent.  The  gage  calibration  (Fig.  5(c))  was 
approximately  the  same  as  Fig.  ii(a)  and  Fig. 
5(b)  while  Fig.  5(d)  was  at  a  much  higher  sen¬ 
sitivity.  The  Ottawa  Sand  records  show  the 
same  lack  of  later  outputs  Fig.  5(b),  al¬ 
though.  being  soils  of  different  properties, 
th  '  shape  of  the  output  differs  from  Fig.  5(b). 

An  explanation  can  bo  given  for  the  pro¬ 
duction  of  qnirious  signals  from  close- spaced 
wires  leading  to  piezoelectric  gages.  These 
gages  have  a  high  impedance  (that  is,  tlieir 
output  under  load  is  a  very  small  current  and, 
In  effect,  they  appear  to  the  recording  system 
acmewhat  simllax  to  a  condenser  of  high 
value).  The  wires  leading  to  the  gage,  pro¬ 
vided  they  are  at  all  parallel,  also  act  as  a 
condenser,  of  a  value  similar  to  that  of  the 
gage.  Pressure  of  the  soil  sample  upon  the 
length  of  the  pair  of  wires  burled  within  the 
soil,  considering  the  large  strains  of  the  soil 
under  dynamic  load,  can  cause  a  change  In 
spacing  of  the  two  wires,  and  so  a  change  in 
capacitance  between  them.  It  appears  that 
when  the  wires  are  within  a  single  cable  or 
twisted  together,  the  change  in  capacitance 
can  be  large,  as  compared  tn  their  total  ca¬ 
pacitance,  and  can  cause  an  alteration  of  the 
circuit  characteristics,  cc.nparablo  to  that 
produced  by  Uie  gage  output.  When  the  wires 
are  more  widely  spaced,  their  capacitance  is 
much  greater  and  the  capacitance  change, 
under  the  same  wire  movement,  pruduccs  a 
negligible  change  in  circuit  value  and  so  a 
negligible  sipial. 

An  additional  reason  fer  pmferrir. :  the 
widely  spaced  thin  leads  in  P  cir  lack  '  stiff¬ 
ness.  Shielded  cables,  or  even  a  tv.  1^..  pair 
of  the  thin  wires,  have  a  signlfics'.t  "itudl- 
nal  and  bend.-ig  stiffness  ■<>  compU'Xt  'u  the 
separate  thm  wires.  The  leads,  burled  in  the 
soil,  are  laterally  confined  which  causes  their 
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(b)  Shot  1294i  low>4«u(jty  aUt.  (from  top  to  bottomt ■*««■  «t 
1  p«r  mo;  (Oko  I)  ia.  doop:  a>)r  moaitor;  9  ia.  d««p.  Call' 


let  Shot  tSK.  Ottawa  Sand.  (CaUhratiowa  Irom  tap  la  bottaaat  ttaaiag 
dota  at  I  pa;  ma;ait  monitor  at  19.7  pal;b  la.  daap  at  t7.S  pal; 
12  In.  daap  at  52.1  pal'.aad  21  la.  daap  at  55.9  pal.) 


(d)  Shot  1  Ottawa  Sand.  (Calihratlona  fnan  top  to  hottocni  timing 
data  at  I  par  ma;  air  maadior  at  19.7  pali  i  la.  daap  at  1}.1  pal; 
12  in.  daap  at  19.5  pat;  aad  21  la.  daap  at  22.2  pil,) 


Tig.  9  -  Bur.cd  feag^a  in  aavarai  Mmpif 


(a)  ohot  13'94,  (ienne  s»ih*  6-percent  moisture.  (Calibration  from 
top  lO  bottom:  timing  mark  at  1  per  ms;  air  monitor  at  19.6  psi; 
6  in.  deep  at  20.3  psi;  12  in.  deep  at  20.4  psi;  and  21  in.  deep 
at  29.6  psi.) 


(b)  Slot  I  ’93,  dense  siU,  5-per*'ent  moisture.  (Cage  calibr.^'ions 
were  the  same  as  for  Siot  1392  but  located  5-1/2  in.  ui>ep. 

11  in.  deep,  and  21  in.  deep.) 


W—CcMon  tlM  with  l99  rtcordft 


(c)  Shot  1406,  dense  silt,  dry.  (Calibrations  from  lop  to  bottom: 
timing  RLirk  it  1  ms;  air  monitor  at  19.2  t>  »i;  4-1/2  in.  at 
46.0  psi.  12  in.  at  34.6  psi;  and  21  in.  at  37.2  psi.) 


(c)  Shot  1392.  (Record  of  sum  of  vertical  forces  on  an  upstrean) 
and  a  downstream  leg.) 


Fig  6  •  Buried  gegc  >  in  eimilAr  samples 
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Fig. 


(a)  Shot  H28,  dense  silt,  |S-pertent  moisture.  (C»lihr**?!  >n5 
from  ':op  to  boUum:  timing  mark  at  1  per  ms;  air  monitor 
at  28.9  psi;  9  in.  deep  at  59.7  psi;  14  in.  de^p  at  40,9  psi; 
and  20  ill.  deep  at  40.9  psi.) 


(b'l  Shot  !42b.  {Capped  gage  at  20-in.  depth;  calibration  pulse 
height,  9.95  p»i;  t/mo  scale,  the  same  as  (a)./ 


(r)  Shot  1455,  loose  dry  Ottawa  Sand.  (Calibration  f*om  top 
to  bottom:  timing  mark  at  1  per  ms,  Air  monitor  at  5.76 
psi;  6  ill.  deep  at  16.28  psi.  12  in,  deep  at  14.0  psi;  and 
20  in.  deep  at  15.5  osi.) 


(d)  Shot  1455.  (Capped  gage,  20  in.  il<>ep;  caiibiation  pulse 
height,  2.98  p»i;  time  scale,  tin*  same  as  (c).) 


7  .  Buried  g*8*s  and  capped,  buried  gifts  in  diUeri^nt  soils 
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stiffness  to  be  greatly  increased.  Therefore, 
the  leads  tend  to  act  as  elastic  support',  fix¬ 
ing  the  gage  location  relative  to  the  ooint  cf 
anchorage  of  the  leads.  The  ideal  gage  would 
be  one  that  merely  floats  in  the  soil  and  pos¬ 
sesses  outputs  related  only  lo  the  stresses  in 
the  soil  immediately  surrounding  it;  no  move¬ 
ment  of  the  gage  relative  to  the  soil  would  be 
caused  by  support  of  the  leads,  either  during 
first  passage  of  the  wave  or  during  later  ef¬ 
forts  of  the  lead  to  elastic.dly  rebound.  The 
use  of  .^epar.ated  thin  v'ircs,  allowing  a  con¬ 
venient  amoent  of  slack  and  therefore  random 
bends,  provides  the  nearest  arrangement  to  a 
floating  gage,  and  therefore  an  ixiipui  caused 
more  nearly  only  by  the  forces  in  the  soil  at 
the  gage  location. 

The  extent  to  which  gage  outputs  are  re¬ 
produced  at  like  points,  in  like  samples,  is 
shown  in  Fig.  6(a)  and  (h).  The.se  records  are 
irom  buried  gages  in  samples,  prepared  with 
similar  properties,  as  nearly  as  possible,  .'»id 
loaded  by  similar  o  'erpressures.  In  this 
cac'.,  '  e  records  have  exceptional  similarity; 
even  m.nor.diflerences  are  hard  to  find.  Each 
of  these  samples,  consi^ing  of  silty  clay  with 
a  mo>''tuie  content  ol  about  5  percent,  was 
compacted  to  nearly  the  maximum  attainable 
density  (200  i/lows  for  each  of  the  six  layers). 
Also,  Tig.  6(c)  sfe.wo  simil.ar  records  fer  Shot 
1408,  a  similarly  compacted  silty  clay  that 
differed  only  in  that  the  clay  was  dry.  The 
records  for  Shut  1408  are  noticeably  different, 
showing  that  oiUy  a  small  change  in  soil  prt^ 
ertie.a  is  eno>  j’  to  cause  a  change  in  the  gage 
reading  »•. 

Figure  6(d)  shows  the  electronic  sum  of 
the  vertical  reaction  response  for  two  legs 
(the  same  as  test  Fig.  6(a)).  As  these  highly 
compacted  samples  are  relatively  strong,  they 
provide  less  damping,  an  can  be  seen  from  the 
continuing  peaks.  Outouts  from  the  buried 
gages  on  the^e  shuts  will  also  be  observed, 
alter  the  air-shock  has  decayed.  The  time  cf 
these  later  burled  gage  outputs  can  be  shown 
to  uompa.  e  reasonably  well  with  that  of  the 
late  .espouse  by  measuremciw  in  ac¬ 

cordance  with  the  different  time  scales.  Thus, 
it  can  be  seen  that  these  gages,  when  oriented 
to  read  vertical  forces  primarily,  arc  affected 
by  forces  exerted  on  the  soil  at  eltner  its  top 
or  bottn.ii  ooundary  This  peak  force,  produced 
by  the  resp-jnse  of  tne  supports,  might  be 
called  a  major  reflection  and  demonstrates 
the  use  of  the  reaction  measurements  in  inter¬ 
preting  the  buried  gage  records.  Even  in  such 
small  containers,  therefore,  one  cannot  say 
tliat  reflected  waves  will  confuse  the  records 
to  the  point  of  making  them  unlntolliglble— 


provided  a  system  of  .  leasuring  forces  on 
boundaries  if  used.  By  this  slatemcr.;,  of 
course,  it  is  :  ■*  nr.eaui  ihat  stress  conditions 
within  the  sample  are  not  changed,  after  a  few 
milliseconds,  by  the  tact  that  the  boundaries 
arc  present,  hut  only  that  these  changes  seem 
to  be  rational. 

As  hart  been  noted  in  tr.e  earlier  tests  fil, 
the  outputs  of  the  buried  gages  alter  system- 
al..-?'"  witii  ilcpih  in  the  soil.  The  alteration 
is  most  noticeable  as  an  increase  in  rise  time 
from  the  near  shock,  observed  at  the  upper 
gages,  to  a  finite  value  of  nearly  1  ms  at  the 
lowest.  As  seen  in  ihe  figures,  this  change 
was  much  greater,  at  the  same  depth,  in  sam¬ 
ples  Ol  lesser  compactioi.  ur  weaker  soils. 

Some  comment  is  appropriate  on  the  lack 
of  smoothness  of  these  records.  It  might  be 
felt  that  the  small  variations  are  caused  by 
the  arrival  of  reflertfd  waves  from  l,<e  bound¬ 
aries.  However,  the  first  eiiaage  is  a  reduc¬ 
tion  from  the  initial  peak,  whereas  the  arrival 
c'  1  wave  from  a  fixed  bottom  ooundary  would 
ause  a.1  increase.  Tb.  major  reflection,  dis¬ 
cussed  earlier,  indicates,  ih-.t  the  output  r,f  the 
buried  gage  will  be  positive  whether  a  compres¬ 
sive  force  is  exerted  on  eithei  the  top  or  bot¬ 
tom  of  tile  sample.  Arrival  times  also  are 
such,  that  this  could  not  be  a  tensile  wave  re¬ 
flected  back  from  the  soil  surface.  Neither 
does  it  coincide  with  the  frequency  of  the  fluc¬ 
tuations  apparent  in  the  air  monitor  record. 
Instead  hese  changes  may  be  caused  by 
mo.-nentary  failures  m  the  arching  of  the  soil 
close  to  the  gage.  That  is,  the  force  being 
carried  by  this  arch  to  the  gage  builds  up  until 
Che  arch  fails,  probably  in  shear;  then,  citer 
small  slippage,  the  arching  is  again  effective, 
then  again  fails,  ami  so  on.  However,  accept¬ 
ance  of  this  theory  requires  one  to  accept  that 
this  lailure— which  might  he  expected  lo  be 
rather  random  in  a  structure  nvide  of  soil 
grains— happens  in  a  very  systematic  way, 
because  of  the  reproducibility  evident  in  these 
details  in  Shots  1392  and  1393.  Again,  this 
reproducibility  might  suppoid  t.he  belief  that 
these  are  reflected  waves,  except  that  the 
gages  were  not  at  exactly  the  saiue  location 
on  the  two  tests. 


PRES-SURr  fN  VOEUS 

In  several  tests,  an  attempt  ..luie  to 
observe  pressures  'n  the  soil  void.-  ' .  pur' 
pose  was  lo  determine  Ihe  extent  *0  <i:b  the 
air  shock  was  propagate  '  t.hnHigh  the  i.i'ids, 
air  or  wate.  which  occupy  the  pore  space. 
Typical  results  are  shown  in  the  records  of 


Siiot^  1428  and  1435  in  Fig.  7  For  Shot  1428, 
an  overpressure  of  30  psl  vas  •r■-.posed  on  .-i 
sample  of  silty  clay  which  had  been  compacted 
by  200  blows  on  each  layer  at  15-percent 
moisture  content.  For  Shot  1435,  a  sample  of 
dry  Ottawa  Sand  was  placed  at  the  loosest  den¬ 
sity  prartiCHl  and  loaded  by  5  psi. 

In  neither  soil  was  a  shock  demonstrated 
on  the  capped  ga^e;  in  fact,  the  preseui.. 
ch.tiii-.d  only  a  few  psi  at  the  most.  The  out¬ 
puts  shown  are  actually  a  combined  result  of 
several  efftr-s— thr  pre.ssure  charges  in  the 
voids,  the  movement  ot  Ute  gage  leads,  and  the 
internal  forces  in  the  gage,  created  by  its 
acceleration  in  moving  with  the  soil  arour,d  it, 
as  well  as  perhaps  jthers  which  are  not  under¬ 
stood.  The  combination  of  such  effects  may 
result  in  the  apparent  negat.ve  appearance  of 
the  output  on  these  records.  In  any  case,  such 
a  gage  was  used  in  several  tests  and  always 
gave  an  output  of  about  the  magnitude  shown, 
positive  or  negative,  but  very  small,  except  in 
a  test  using  crushed  rock  in  which  it  went  r'' 
scope  at  the  same  calibration. 

This  result  is  important  to  the  design  of 
underground  structures.  If  the  air  shock  had 
been  found  to  penetrate  the  voids,  then  struc¬ 
tures  would  iiave  to  be  designed  for  the  full 
surface  overpressure  because  the  soil  over- 
buidcn  could  not  alter  the  force  felt  by  the 
structure  in  any  way.  Also,  the  overpressure 
CO)  1  not  be  considered  a  dynamic  surcharge 
for  dew.'iriinlng  the  stability  of  foutiiigs,  for 
example.  Obviously,  such  a  condition  would  . 
make  worthless  these  experiments,  or  any 
other  experiment  using  an  air-shock  as  a 
loikling  mechanism  directly  upon  the  soil  sur¬ 
face.  In  an  informal  conversation,  personnel 
of  the  United  Kingdom's  Atomic  Weapons  Re¬ 
search  Est.iblishment  had  reported  such  a  re- 
s'll',  but  the  air  pressure  over  tiieir  sample 
had  a  rather  lung  rise  time. 

The  outputs  of  the  usiiaJ  uncapped  buried 
gages  Co  there  tests  -iso  are  slio.vn  on  Fig.  7. 
In  each  test,  the  capped  gage  was  located  at 
the  depth  of  the  lowest  uncapped  gage,  and  it 
can  be  seen  that  the  disturbance  arrives  at 
both  gages  at  very  nearly  the  same  time. 

T.'ds  also  Indicates  that  the  air  siiock  does  not 
travel  freely  through  Ihe  "oil  voids.  The  rec¬ 
ords  from  the  normal  uncapped  gages  are  con¬ 
sistent  with  Ihe  earlier  discussion. 


STRAINS  OF  SAMPLE 

No  instrument  for  making  ;  direct  meas¬ 
urement  of  the  pattern  ir  whim  the  sample 


strained  uiroughout  the  tir*>e  ol  loading  was 
used  Hcwevci ,  certain  irdormatioii  of  an  in- 
direct  nature  was  obtained,  including  lue  time 
of  arrival  of  the  disturbance  at  the  successive 
buried  gages,  locations  ol  the  buried  gapes 
before  and  after  test.":,  tne  pattern  ol  compac¬ 
tion  changes  in  the  s.amples  after  testing,  and 
high-speed  mclior.  pictures  of  the  surfaces  of 
a  few  samples  during  shock  passage.  When 
considered  together,  these  present  a  qualita¬ 
tive  history  of  the  motions  in  namples,  par¬ 
ticularly  those  which  compacted  significantly . 

Figure  8  shows  the  extent  of  compaction 
of  two  silt  samples  alter  testing.  One  of  these 
samples.  Shot  iZai,  was  highly  compacted 
initially,  and  therefore  its  surface  was  down 
only  approxir.iately  3/4  inch  after  a  20-psi 
loading,  during  which  3  pounds  of  soil  were 
lost  by  erosive  action.  The  pattern  of  density 
changes  cuuld  net  be  detect. J  iii  it  by  the 
methods  used,  as  was  the  case  with  most  soils 
of  higher  inilial  strength.  The  other  sample. 
Shot  1402,  hov;ever,  was  a  very  loose  silt, 
screened  ini.  the  container  while  at  15-percent 
moisture  ccnt'-..i  It  was  originally  at  a  dry 
density  ol  53  lb  per  cu  ft;  alter  the  5-psi  test 
in  which  it  lost  sligidly  more  than  4  lb  of  soil, 
it  had  been  compacted  to  an  average  dry  den¬ 
sity  ol  62.1  lb  per  cu  ft  with  Us  surface  down 
nearly  4  inches  as  shown  in  Fig.  8.  Naturally, 
if  the  stronger  soil  of  Shot  1393  had  only  been 
subjected  to  5  psi,  its  permanent  compaction 
would  have  been  only  about  1/8  inch,  and  many 
strong  samples  showed  no  measurable  deflec¬ 
tion  under  such  low  loadings.  Also  samples 
sih.ilar  to  Shot  1402  were  depressed  as  much 
as  11  in.  under  a  20-psl  load.  In  many  tests, 
soils  of  such  weeknesB  were  used  to  demon¬ 
strate  the  phencmena  accompanying  large 
compaction. 

The  buried-gage  records  obtained  in  these 
experiments  apt^ear  to  exhibit  generally  low 
velocities  of  wave  travel.  The  time  of  arrival 
of  the  initial  signal  at  each  gage  can  be  meas¬ 
ured  quite  accurately  from  the  common  time 
of  the  calibration  pulse,  or  from  the  later 
break  in  esch  record  which  also  serves  as  a 
time  mark  on  the  reaction  records.  From  the 
dilfeiences  iu  arrival  times  and  in  depth,  one 
can  calculate  a  velocity  for  the  travel  of  the 
first  dtstuibance  from  'h^-mner  gage  down 
to  the  next.  Values  so  calculated  apuear  to  bo 
quite  low,  at  least  in  co..i>i. .  i  ison  to  published 
seismic  velocities  lor  sir;!'  -  soils  under  the 
usual  low-enargy  loading  ..  '-.f  lor  siicn  meas- 
U'  ements  T; -'teal  values,  ::om  the  records 
.•■•own  in  the  ligures,  range  from  slightly  less 
than  200  fps  In  Shots  1297  and  1299,  to  perhaps 
750  fps  in  Shots  1332  and  1333.  Even  slower 
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velocities  would  be  obtained  by  calculation  of 
the  time  of  the  first  peak  on  th°  successive 
g?^e  outputs,  of  course,  hecaue^  of  the  in¬ 
creasing  rise  time.  The  formation  of  the  first 
peak  probably  is  related  to  the  time  required 
lor  development  of  arching  in  the  soil  near 
the  gage;  this  process  may  require  a  different 
length  of  time  from  the  rise  time  of  the  wave 
front  itself.  The  measured  velocities  agree 
with  theory  in  the  sense  that  tiiey  are  higher 
in  stronger  samples;  however,  they  appr  ic 
be  lower  in  a  given  sample,  if  the  overpres¬ 
sure  is  increased.  The  least  that  might  be 
inferred  is  <hrt  no  value  of  wave  oelocity  or 
of  a  modulus  of  elasticity,  measured  for  a 
ceiiain  soil  at  a  low  stress  level,  can  properly 
be  used  to  predict  its  behavior  at  a  hi^r 
stress  except  in  a  relative  manner. 

The  velocities  found  from  the  buried-gage 
records  were  confirmed  by  similar  calcula¬ 
tions  from  the  vertical  reactions.  The  reac¬ 
tion  records,  after  the  first  few  tests,  were 
marked  by  a  time  pulse  common  with  the  other 
channels.  The  records  of  axial  force  on  the 
indi\  idual  legs  show  a  strong  output  almost 
simultaneous  with  the  air  shock  arrival  time. 
However,  this  early  output  appears  to  be 
caused  by  an  overturning  moment  rocking  the 
container  and  it  nearly  vaclahc:  when  the 
separate  leg  records  are  added.  The  starting 
time  of  significant  response  in  ttas  sum  of  the 
axial  forces  on  the  legs,  usually  colncidss  well 
witii  the  travel  time  of  the  wave  down  through 
the  <oil  as  measured  by  buried  gages  on  the 
same  t  'st  This  fact  also  indicates  that  the 
first  impulse  imposed  on  the  aurface  of  the 
soU  sample  travels  through  the  Soil  to  the 
container  bottom,  rather  than  being  trans¬ 
ferred  by  friction  and  arching  into  the  walls 
which  carry  forces  at  much  higher  velocities. 

Moving  pictures  of  the  sample  aurface 
were  made  to  observe  erosion  of  the  sample 
surface  by  the  shock  passage,  as  well  as  the 
surface  motion.  As  mentioned  earlier,  all 
samples  lost  some  weight  during  the  test. 
Losses  ranged  from  less  than  1  pound,  to 
perhaps  10  pounds  In  extrsme  cases.  In  Shot 
1451,  a  fairly  good  movie  was  obtained  at  a 
speed  of  apptoxinuuely  3500  framrs  per  sec¬ 
ond,  lasting  from  before  the  initial  shock  ar¬ 
rive  until  after  passage  of  the  firat  reflected 
shock.  The  soil  sample  was  Uie  vilt,  at  IS- 
percent  moisture  content,  placed  in  the  con¬ 
tainer  loosely  by  being  forced  through  a  1/8- 
incli  mesh  screen.  InlUally,  then.  It  tiad  a 
slightly  lumpy  structure  and  an  average  dry 
density  of  52.5  lb  per  cu  ft.  After  the  test,  It 
had  lost,  about  1-1/4  pounda  and  tkSd  an  aver¬ 
age  dry  density  of  64  lb  per  cu  ft.  cauxed  by  a 


S-psi  loading,  tt  was  very  similar  to  Shot  1402 
discussed  earlier.  No  ero«ion  or  cracking  uf 
the  »  ’i  kixface  appears  to  have  occurred  dur¬ 
ing  the  passage  of  the  initial  shock.  Inute.od, 
tlie  surface  remained  intact  and  started  down¬ 
ward,  and  all  areas  seemed  to  ruove  iugether. 
The  motion  was  not  at  a  constant  velocity,  but 
irregular,  appearing  to  almost  pause  every 
few  milliseconds.  However,  it  did  not  appear 
to  reverse.  Approximately  0.050  sec  after 
initial  shock  arrival,  the  surface  a'os  level 
and  appeared  to  be  about  2  inches  down  from 
its  original  position.  The  surface  then  ap- 
I>eared  to  explode,  erupting  up  and  out  from 
the  container  to  a  heigdit  of  perhaps  1  foot  as 
a  cloud  at  fine  particles,  not  as  a  layer  or  as 
lumps;  this  apparr.ntly  is  caused  by  the  re¬ 
bound  of  the  siqiports,  inducing  in  the  sample 
a  compresslvr  wave  which,  to  reflect  at  the 
surface,  requites  a  tension  which  the  soil  can¬ 
not  support.  Because  the  air  sliock  has  al¬ 
ready  oossed,  the  cloud  of  s  .i  is  not  swept 
away  but  hides  'he  surface  for  nearly  100 
msec.  After  that  tlir*,  the  cloud  had  settled 
and  moat  of  it  apparently  had  landed  in  the 
contaliier,  le.  -iug  a  surface  which  was  level 
and  at  a  depth  of  at.  ^  3  inches,  but  rough.  At 
this  time,  the  reflected  air  shock  arrived  and 
the  downward  motion  of  the  surface  resumed 
or  contisnsd,  lasting  from  then  until  the  end 
of  the  film.  After  the  teat,  the  soil  surface 
was  fount  to  be  about  4-15/16  Inches  below 
the  orlgiml  level. 

Measurement  uf  the  locations  of  burled 
gages,  (faring  fUUcg  and  emptying  of  the  con¬ 
tainer,  were  quite  conalstent.  In  Tost  1451, 
describad  earlier,  two  gages  at  20-1/4  inches 
depth  ware  found  not  to  have  moved  at  all. 

Ona  at  U-3/8  inches  was  found  at  12-11/16 
inches  and  one  at  8-  3/8  tncliea  was  found  at 
11-3/4  inches.  In  general,  all  gages  were 
usually  found  in  their  original  orientation  ex¬ 
cept  occasionally  the  uppermost,  which  when 
very  close  to  the  surface  was  sometimes  found 
tlppsii.  In  tests  on  all  types  at  aoUs,  however, 
the  gage  dtnpUcemants  egreed  with  a  definite 
pattern  of  compscUon,  In  which  the  upper  part 
of  the  sample  was  greatly  compacted,  and  the 
lower  paru  hardly  at  sU. 

Tha  maaautoiaants  of  de^ity  changea  la 
the  sangils  showad  a  aimilar  pattern.  Uhfortu- 
iittaly,  those  lor  81iot  1451  are  unreliable;  it 
appeara  that  the  Icwar  layera  may  hav<;  bean 
mors  densely  compacted  .r:.  ing  fUling.  bi  a 
great  aumhar  of  othfjr  taarc,  ?-3ver,  In  which 
the  aaiapis  had  Initially  bur;  ;it  a  depenoably 
uniform  density  ft  was  louad  u/iar  the  teat 
thi.  the  density  at  the  aurface  wna  sUghtly 
greater;  that  the  density  than  increased  with 
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depth  down  to  a  shallow  depth,  at  which  the 
densest  layer  was  found;  and  that  below  'nat 
layer  the  density  decreased  with  depth  to  a 
fairly  uniform  value  only  slightly  above  the 
pretest  value.  In  itoil  such  a.s  that  used  in 
Shot  i4ai,  the  dry  densities  in  percentage  of 
the  initial  would  be  about  105  percent  for  the 
top  3-in(h-1^.yer,  110  percent  for  the  next,  120 
percent  for  the  next,  110  percent  for  the  next, 
and  105  percent  for  the  lower  half  of  the 
sample 

The  density  changes  in  Ottawa  Sand  fol¬ 
lowed  the  same  pattern,  except  mat  the  in¬ 
crease  was  not  as  great  and  the  depth  to  the 
densest  layer  aas  less.  Thus,  Shot  1435  on 
dry  Ottawa  Sand— placed  loose  through  a  funnel 
held  clrcc  to  me  surface  at  an  average  density 
of  98.9  lb  per  cu  ft— was  quite  uniform.  After 
a  3-psi  test,  the  surfaca  was  down  3/4  inch;  a 
gage  at  3  inches,  1/2  inch,  a  gage  at  12  inches, 
3/8  inch,  and  the  gages  below  that  in  their  ini¬ 
tial  location.  The  den.sities,  in  percentage  of 
the  Ca.'  lb  per  cu  ft  pretest  density,  were  107 
percent  m  the  top  3- inch  layer,  103.5  percent 
in  the  next  3  inches,  and  about  102.5  perm-.t 
for  th'.  r'.inaindor 

From  the  gago  displacements  and  the 
pattern  of  compaction,  one  can  visualize  a 
history  of  strain  in  the  sample  which  is  con- 
.sistent  with  the  motion,  picture  described  ear¬ 
lier.  fXiring  ihe  first  shock  loading,  the  soil 
surface  mov  *  downward— largely  tecouse  of 
compaction  wri.:h  v.as  greatest  near  the  sur¬ 
face.  After  passage  of  the  first  shock.  In 
some  sampled  only,  this  initial  compaction 
was  destroyed  by  a  > abound  of  the  entire  con¬ 
tainer  on  its  supports  which  caused  a  com¬ 
pressive  wave  to  reflect  in  tension  from  the 
surface.  After  the  material  had  fallen  back 
iiUo  liie  container,  the  compaction  was  partly 
(1  stored  by  pa.ssoge  o(  succeeding  air  shocks, 
hi  .some  samples,  because  of  a  different  re¬ 
sponse  of  t.hc  supports,  the  initial  compaction 
patterii  may  not  be  disturbed,  of  course.  A 
planned  relocatior'.  of  the  facility  to  have  the 
end  open,  should  eliminate  tlie  i'erh''lcd  :4iock; 
also,  the  mounting  can  pr.obably  tu  unproved 


to  eliminate  the  distuib  ng  rebound.  Under 
such  ru.Tditirms,  a  more  accurate  st"dy  of  the 
strains  and  cm  lac  iori  pattern  should  be  PWiie 
re'Aurt;n6  because  it  c.an  be  related  to  a  single 
shorn  passage. 


CONCi ' .lON 

*he  test  results,  the  behavior 
o!  >:n  oil  ,  imples  did  not  demonstrate  those 
feat.ires  usually  prominent  in  bodies  which  had 
remained  lineaily  elastic.  In  particular,  the 
wave  vclixiitics  seemed  rather  low,  and  the 
reflected  waves  from  the  boundaries  were  riot 
obstrv'ble. 

Although  the  soils  used  in  the  experiments 
described  were  not  tyexal  of  desirable  con¬ 
struction  materials  or  of  those  found  at  desir  ■ 
able  silos,  it  is  believed  that  the  experiments 
demonstrated  behavior  which  may  oc  r  in  all 
soils  uixler  dyn.iniic  loads.  In  the  case  of  tho 
more  desirable  and  strcnr.er  soils,  however, 
t*-  intensity  of  loading  would  need  to  be  much 
ncrcascd  for  such  la  -  ryior  to  be  demon¬ 
strated— even  by  this  exncri  .ienf .  In  general, 
the  test  results  i.-dicated  the  iiroductlon  of 
great  compaction  m  soil  near  a  surface  loaded 
with  an  inq.jlso  of  appropriate  rise  time  and 
intensity.  At  greater  distances  from  the  sur¬ 
face,  the  8hai>e  of  ti.e  impulse  changed  and 
lest  compaction  was  produced.  In  adaitiun, 
techniques  lor  instrumentation  and  lor  soils 
liandling  were  developed  and  described  which 
will  be  useful  In  related  experimental  efforts. 
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MOTIONS  PRODUCED  BY  AN  EXPLOSION  ABOVE  A 


NONHOMOGENEOUS  ELASTIC  MEDIUM* 


C.  M.  Ablew,  R.  C.  Alversoi.,  F.  Gair,  and  F.  M.  Sauer 
Stanford  Kt-ieareh  Inatitute,  Menlo  Park,  California 


A  lir.ile  difference  nun.erical  method  of  determinin){  i«,  'Ions  and 
stresses  tn  an  elastic  half  space  due  to  a  lime  dependent,  axiall-/ 
symmetric  surface  loading  is  prv  st  ided.  The  usual  smearing  of  the 
compressional  and  distortional  wave  fronts  in  such  methods  is  avoided 
hy  introducing  .t  coordinate  system  following  the  front.  In  this  charac¬ 
teristic  system  regions  of  influence  iriay  be  traced  before  determining 
the  aciu.it  motion.  Numerical  results  are  presented  for  cases  in  i...ich 
the  comptessionel  v.'„ve  speed  vanes  linearly  with  aep»-.,  while  the 
shear  wave  speed  is  ccustant.  The  n.ethud  may  also  ot  apifird  to 
layered  media  where  the  elastic  parameters  are  constant  in  each  layer 
but  differ  from  layer  to  layr  r 


INTHO.OUCTION 

The  stressea  and  dlapUcemeiits  In  an 
elastic  earth  of  variable  propertlea  under 
bU.st  leiadinc  are  computed  by  a  numerical 
method  uaing  characterlattc  roordlnatea.  The 
pib  lal  advantage  i<(  tbia  method  of  charac- 
leristica  la  that  the  location  and  .iiugnUude  of 
the  luvidtiif  edge  of  the  dlaturbance  are  accu¬ 
rately  determined.  A  aecond  advantage  la  that 
the  differential  equationa  are  reduced  In 
dtmenaton  ao  that  a  numerical  method  of 
aecond  order  accuracy  la  readily  conatructed. 
I'he  major  disadvantage  la  the  need  for  trans- 
UUng  Irom  physical  to  characteristic  coor¬ 
dinates  and  back  again. 

It  Is  assumed  that  the  surface  of  the  earth 
IS  plane  end  llust  uie  blast  wave  loading  la 
circularly  symmetric  about  a  point  on  the 
surface.  The  portion  of  the  earth  under  cou- 
stde ration  ia  then  referred  to  a  ayateiu  of 
cylindrical  coordinatea  (  r,  ,  s)  In  which  the 
1  axle  is  normal  to  tha  surface  through  the 
point  of  symmetry  and  the  plane  s  «  0  coln- 
cidca  with  the  earth's  sunace. 

The  eartii  ia  then  assumed  to  hr  an 
elaallc  aoiid  with  a  constant  aht.ir  wave 


velocity  find  compressional  wave  velocity 
increasing  linearly  with  depth. 

The  equations  of  classical  elasticity  are 
to  be  Integrated  under  prescribed  normtU  and 
ahearing  stress  on  the  plane  i  •  0.  In  the 
particular  blast  wave  loading  considered  In 
this  paper,  the  leading  edge  of  the  wave  front 
on  the  surface  of  the  earth  moves  with  an 
initially  snperselsmlc  velocity  which 
decreases  linearly  with  time  to  subselsmlc 
velocity. 

Tlic  equations  of  mottor  are  written  tn 
characteristic  coordinates  and  are  replaced 
by  Ufference  equatigns  in  this  coordinate 
system.  The  basic  dependent  variables  of  the 
problem  are  the  first  partial  derivatives  of 
potential  functions  i.om  wlilch  the  cli^^lacu- 
ments  may  be  computed  directly.  The 
numerical  computatloi,  uf  these  taislc  varia  ¬ 
bles  Is  carried  out  to  a  ti-uiicalion  error  of 
second  order. 

Numerical  dtf(ere:...'aff  .  tii  liieau  com¬ 
puted  data  Is  then  punnlsstt  'c  to  obtain  the 
streaaea  in  the  iiit.rlor  co.  ict  to  first  order. 
The  oeiatls  of  the  metho '  '•  .  mcr  v’'“i  some 
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of  the  numerical  results  are  presented  in  the 
f  jllowlns  sections. 


GOVERNING  DIFFERENTIAL 
EQUATIONS 

In  cylindrical  coordinates  d,  and  i, 
the  equaUons  of  dynamic  equilibrium  become 


and 


Be. 


bt 


(1) 


12) 


where  o,,  a,,  a,  and  a,^  rre  the  usual 
radial,  circumferential  axial,  and  shear  stress 
components  and  u  and  w  are  the  radial  and 
aalal  displacement,  and  p  is  mass  density. 


Ho  <e'f  law  gives 
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where  s  Um  dllatlan, 
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and  '  and  „  are  the  Lame' parameters. 

The  solution  of  the  above  system  of  first 
order  eouatioos  can  be  reduced  1 1  solving  a 
pair  of  second  order  equations  for  two  poten- 
ti  d  Iv,..;  tions  provided  that  p  and  u  are 
constant  and  >  is  Indepeodsnt  o(  ttms.  Tbs 
potential  iunclione,  -t  and  e,  determine  the 
displacements  through 


"  ■  *,  -  ", 

w  -  d,  ♦  d,  *  !■', 

where  the  literal  subscripts  denote  partisi 
differentiation. 
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Elimination  of  the  uUcoaes  and  uieplace- 
ments  from  the  cq'.iilbi  ium  equations  gtvee 


C.*(v 


=  ‘^tt 


(9) 


and 


1  d,  .,  -  £>/r’  .  (10) 

where 


and 


(\  ♦  2p)/p 


=  p'P 


C|^  and  Cj  being  the  compresslonal  and  dis- 
tortlonal  wave  speeds,  respectively. 

The  notentlai  equations,  Eqs.  (9)  and  (10), 
are  replaced  by  difference  equations  V^low 
and  solved  numerii-ally.  The  solutinn  is  best 
carried  out  in  a  coordinate  system  adapted  to 
the  equations  and  to  the  pijy  steal  situation  they 
'  <  present. 

As  it  stands,  either  pciestial  equation 
contains  second  partial  derivatives  in  every 
coordinate  direction.  It  Is  possible,  however, 
to  intror.uce  new  Independent  variables  such 
that  the  second  derivative  tn  one  of  the  coor¬ 
dinate  directions  la  missing.  In  this  form,  a 
solution  with  s  Jump  In  that  second  derivative 
Is  permitted  without  the  added  compllration 
of  special  )ump  conditions.  Thus,  tn  particu¬ 
lar,  the  correct  discontinuity  tn  stress  and 
velocity  at  the  Initial  wave  front  automatically 
lesults  without  sroearing  from  a  solutton  of 
the  equations  which  uses  that  wave  front  as  a 
coordinate  surface. 

.Tiirh  a  characteristic  coordinate  system 
for  each  pcxenllal  c'quation  ‘s  described  later. 


NONDlMENhiONAL  COORDINATES 

The  particular  variation  of  C,^,  conalrlered 
In  thla  paper,  la  that  when  varies  llneaily 
with  depth  beneath  the  surface  of  the  earth. 

,’n  this  Instance,  may  be  written  as 

Cl  ('  ' -f)’ 

where  c^(0>  lathe  valiie  of  C,^  at  .  i  and  f 
ta  a  characterlatlr  leroih. 


M 
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The  problem  is  then  cpiup'.'tely  nondi- 
mensionallzed  by  introducing  |^e  riondimen- 
sioiul  n'uuitities,  as  follows: 


CJO) 


i  • 


(12) 


wh'-rv  i  is  a  characteristic  length  to  be 
specified  later. 

In  the  remaining  seciioos  of  this  paper, 
the  primes  on  these  quantities  ha?e  been 
omitted  with  the  understanding  tnat  in  the 
sequel  noodl  men  clonal  quantities  are  Intended. 


CHARACTERISTIC  COORDINATES 

A  surface,  f(r.  i.  t)  •  0,  which  >s  a 
solution  oi  the  equation 


f.S  =  f.' 


.13) 


is  a  characteristic  surface  tor  the  potential 
equations,  Eqs.  (9)  and  (10),  where  C  is  'he 
aoprupriate  wave  speed,  c,^  or  Cj.  Such  a 
surface  can  )«  coovemently  thought  of  as  a 
wave  front  propagating  through  the  medium 
with  speed  C.  If  the  speed  is  independent  of 
time,  the  family  of  surfaces. 


f(r.  f.  l-t|)  =  0 


(14) 


for  Various  values  of  tite  time  delay  1 1  are 
also  wave  fronts.  A  more  useful  form  of  Eq. 
(14)  is 


-  1  -  «(r.  1)  . 


(15) 


If  three  distinct  (amities  of  wave  front 
surfaces  are  known,  Eq.  (l&)  determines  the 
member  of  each  fanUly  passtng  through  a  given 
point  ( r ,  • ,  • )  by  singling  out  the  three  values 
01  t , .  t^unversely,  if  u.rce  values  of  t ,  are 
chosen  from  each  family,  the  point  ( r,  t,  i )  at 
which  the  corresponding  surfaces  hitsrssct  is 
drtcrmlasd.  Thus  three  tine  deisya,  one  for 
each  family  of  wavs  fronia,  can  be  used  as 
coordinates.  The  surface,  •,  '  constant,  are 
chs'arterietic  roordlnat''  plane#  each  of  which 
ifpreeeals  a  wave  front. 

The  compressional  wave  are<4  In  nondl- 
mentiunai  coordinates  is 

C,  -  i  •  •  .  (18) 


A  fanUly  of  waves  moving  into  the  earth  in  the 
direc  ion  of  positive  z  is  represented  in  the 
form  A  Eq.  (15)  by 


In  ( 1  +  z)  . 


(17) 


The  time  delaV:  v,  is  seen  to  be  tlie  time  when 
a  particular  wave  of  the  family  coincided  with 
the  surface  of  the  earth,  z  =  0.  Similarly  a 
family  of  waves  moving  up  from  the  interior 
of  the  earth  toward  z  =>  0  may  be  represented  by 

b  =  t  •  In  (1  » z) .  (18) 

The  third  family  of  wave  front  surfaces, 

c  =  i  -  bfr.  z)  .  (19) 

is  determined  by  requiring  the  c  =  0  surface 
to  be  the  wave  front  carrying  the  initial  dis¬ 
turbance  into  the  earth.  T'-rd  is, 


f  fr 


f  fr.  il 


(20) 


is  the  solutf.  :i  of  Eq.  (13)  passing  through  the 
leading  edge  of  the  load  applied  on  the  surface 
of  the  earth. 

If  the  leading  edge  of  the  applied  load  is 
given  in  terms  of  a  parameter  .  by 

t-Rfr).  i.-Tfr)  i4irrc  0  <  r  <  I  x  (21) 

then  hfr.  •)  of  Eq.  (19)  and  hence  r.  Is  found 
by  eliminating  p,  and  s  from 

h(r.  I)  -  T(t)  t  , 

•  -•  atczcch  (-p)  •  •rcicch  !-p(l  ♦ 


TyiTp>(in>»] 


(22) 


j  T’(r)  t'(')  on  0  <  T  <  1 

’’  1  -  (I  'T)  T'{0).'B'(0)j  on -I  S  T  <  0 

The  sign  (1)  Is  the  tapresslons  (or  r  and  ■ 
are  to  be  InUrprcted  as  nsgatlve  (or 
I  «  orruch  f-p)  Sad  pusttlvs  othsrwtse. 

This  change  of  annlytlc  form  Is  due  tu  the 
refractive  turning  tanck  of  the  wave  front. 

The  meUi'.'t  jf  lategraUng  the  first  order 
partial  diflercntlal  eqi’.  (13),  subteet 

to  the  boundanr  cmditlon  ot  Eq.  (21)  to  obtain 
the  eoluttaa,  Eq.  f~2),  is  g  '  m  in  several 
atandard  taxle,  (or  eMn.;>l<  .  .  n,  Cr>'rant  and 
O.  Hilbert,  Velhoden  t*:  r  »..  'hemailKrhen 
r  jjalk,  Vol.  .  I'h.  2. 
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I  •  •  . 


In  a  Girailar  way,  characteristic  coordi¬ 
nates  corrasponding  to  the  constant  she-<r  wave 
speed 


(  a  •  f)  -  2t ,  h  -  i  ,  '  0 ,  and  a  =  i)  but  cor¬ 

responds  to  a  atr.sUer  region  of  phvsica! 
space. 


Cs 


k 


are 

i  ■  t  •  * 
b  -  t  »  t  k 


and 


c  *  —  K  i' ' 


(23)  The  surfaces  a  -  0,  l>  =  0,  and  c  =  0, 
together  with  the  disturbed  region  in  physical 
space  are  shown  in  Fie  1.  The  tl  sturbed 

.  region  in  charictcristK  crordinates  is  shown 

(24)  in  the  left  half  of  Fig.  1.  The  right  hand  por- 
'•<  I  of  rig.  2  indicates  a  typical  mesh  cube  in 
char.-  teristic  coordinates.  The  partial  dif¬ 
ferential  equations  are  replaced  by  difference 
equations  along  the  iaces  of  the  cube. 


where  htr,  i',  is  determined  by  eliminating  Under  these  changes  of  coordinates,  the 

7 ,  p  and  >  from  two  P  aential  equations  ca-  be  written  as 


h  (r,  j)  -  t(T)  *  I 
1  =  kS 

r  -  8(7)  -  k^ps  ^25) 

T-f'C)  vfR'  (')  |on  0  <  f 

1,~(1  *  7)  ThOl^'  fOljcm-l  <  7  '  C 

In  these  last  equations,  the  leading  edge  of  the 
disturbed  region  has  been  expressed  in 
parani'lnc  Icrm  by 

,  R(  -  t  ft  ■  >  0  <  f  .  (26) 

The  effect  of  the  refraction  ol  ihr  com- 
preesicoal  »  v  -»  is  to  make  it  possible  (or 
tno  'tiaicibe'i  t  cgion  of  the  earth's  surface  to 
outrun  tne  asulied  load.  Thus  8  and  t  are 
computed  as  the  intersection  of  the  initial 
comprcssionai  wave  front,  r  =  0,  with  the 
earth's  surface,  t  *  0. 

As  a  resuli  oi  c  I'iing  both  the  c  >  0  and 

0  surlaccs  ihrouch  ttic  same  r  '/ersun  i 
curve  on  7  0  and  ui  making  -  i.  ,  -  I,  ' 

■  r.J  <  agree  at  every  point  of  >  -  0.  Refer- 
nee  to  Fqs.  (18),  (19),  and  (24)  show  that  as 
r  7  0,  •  •  a  and  ii  •  i>.  Till*  identity  of  the 
t,-i'  syrtems  of  coordiiiates  on  r  «  0  is  very 
convc.uent  when  the  stress  boundary  condiiivas 
are  sai.aflcd  in  (mite  dillercncc  form. 

The  disturbed  region  of  the  earth  at  any 
time  «  ..es  between  «  •  0,  ■  ’  t“,  and  *ho 
initial  wav.'  Iionl  surface  c  -  0.  bi  charae- 
te  r*aiic  r. eii'dmatea  region  tics  twl'veen 

the  planes  >  '  n  2i  ,  a  i,,  -  0,  end  «  •  , 

the  last  corresponding  to  r  •  0  where  the 
plsne  wave  sui  (ace,  a  -  ronstant,  meets  the 
iiilCuii  wave  lurlace.  r  a  the  same  constant. 

The  region  disturbed  In  shear  has  ts  - 
wms  chnrscterlttie  plane  Iwunde'ies 


’  ^1  '  ’^1  B,.  .  (B-Ai  a  DjC  -  0  (27) 

and 

4A«  *  D4  Ac  a  Oj  Be  a  :)j,C  a  D,  r  '  0  (28) 

...lere 

A  -  r.  .  7.  clc. 

and  the  coefOrients  m  these  equations  are 
given  by 


■>l 

(1  <  •)  c,  a  1. 

-2((lai)c,- 

0, 

-(1  .  rl’fr,,  ac, 

)  , 

D, 

C.  C.  a  1  . 

b,  7 

-2(C.c.-n  . 

1 

2 

c. 

‘  ‘t. 

Dr 

T'" ' 

Kqualions  (27)  and  (28)  togetJier  with  the 
equations 


Am 

Bji. 

An 

7  Bl. 

Ai- 

e  t 

ir 

-  Ci 

(-29) 

Be 

C*. 

v 

7  Ci 

Iwair 

difUrtn 

'  ml 

equal  lo' 

■s  to  Iw 

salis;icd.  The  dlflerenrc  t  .'jallom*  inch 
represent  the  above  dillerenlial  t\-  ..s 

Uigi'lher  with  the  meth-xf  o(  ron'"ui  .  the 
stresses  a'  1  diiiilat  en  u’s  ‘com  the  •  epend- 
enl  variali.cb  are  given  In  the  final  rciiort  'or 
rontract  AF  2y(60l)-I948  (to  b»«  published) 
and  are  omitted  herein. 
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Fig.  i  -  Wave*  surfacei  and  -listurbed  legion  in  physical  space 


b 


b 


Fig.  t  -  Dlsturbt'd  repion  and  typical  finite  ■•f-'fe  ..-ii.c 
lattict  cube  in  characterialic  coordinate* 


COMPUTKU  LEADING 
WAVE  FRONTS 

NiimericAl  computation  ot  the  leading 
wkV’  'roots,  c  s  0,  have  been  carried  out  and 
Uie  reaulla  are  ahown  in  Figa.  3  and  4.  These 
cut  ves  have  been  computed  for  the  case  where 
the  leading  edge  of  the  load  on  the  surface, 

I  a  0,  moves  according  to  the  general  rule. 


IhO  =  («,  «K,)r  '  *1  -j- 
T(  '  )  =  Kj  T 


(30) 


with  k,  a  K,  a  3.3,  so  that  the  eliminatioM  of  r 
gives 


•  •  21  -  ^  .  (31) 

The  /eiocity  of  the  leading  edge  of  the  load  ta 
given  by 


A7 


(32) 


I'l'C'si  oapreeslona  show  that  the  velocity  of 
the  Kailnu  edge  la  superaotsmlr  with  initial 
nondimenaional  apeed  2  and  deer'  ases  no  that 
II  IS  locally  setamlc  at  ;  3,3.  The  position 


esse  00 


Fig.  1  -  Posit.,  II  III  :  .c  leading 
coinpi .  tac>i.-.-il  '  .ive 


and  msgiiilude  of  tiio  iea'*iiiii.  '  ge  of  the  load  at 
vaifoua  times  '  shewn  in  Fi  '  3.  Theloaddis- 
ti  i  ulion  in  Fig.  Cwaa  choac.-ito  approximate 
the  dletrifaution  which  viould  urciir  in  an  actual 
bomb-blast  above  tho  aurtace  of  the  earth. 
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CASE  01 


E'ig.  4  -  Position  of  liie  leading  di&tortional  wave 


Ply.  S  -  Time  and  space  history  of  the  loa'ting  or.  the  sarf.tce  of  the  earth 


M'^ire  3  ahostrs  shape  of  fli«  compret* 
aUMUi  Issdaiif  wavs  (routs  la  ths  planrs,  t 
■  consUa*.  The  location  of  tits  isadlnf  edge  of 
Ills  load  on  Uis  svrface  of  the  earth  (or  vartoas 
tiroes  Is  noted  at  the  top  of  Fig.  3.  It  U  seen 
that  outrunning  occurs  at  i  >  0  (or  a  vsiue  ri 
•  betweer.  3  and  4.  The  exact  calculated  value 
of  I  for  which  this  uutrunnuig  occurn  la 
I  •3.318.  fn  this  case,  outrunning  occurs 
before  the  velocltyof  the  leading  edige  becomes 
seismic,  ^'ornplete  refraction  cil  trie  wave 


front  which  Is  Indicated  hy  the  point  where  the 
wave  front  Is  verttcsl,  first  occurs  nsai 
I  •  1.5. 

Ths  shape  of  the  dlatu  tlonal  wave  front 
(or  sev-.'ial  values  of  time  In  shown  In  Fig.  4. 
In  this  case  no  refracii'.i  occurs,  since  the 
spei'O  s.:  the  sliear  waves  is  ronstcni.  ;  <'.e 
brcaJilnthe  slope  of  the  cu.'vcu— wh^  h  ipears 
(or  I  '  3— Is  due  to  the  outrunning  at  ii.  sur¬ 
face  and  thus  first  occurs  fur  t  •  3...;':. 
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DISCUSSION 


Mr.  Mow  (Allied  Research  Asaoctateg. 
Bost^:  Is  there  any  particular  reason  Uiat 
you  chose  the  \  being  varied  witn  depth  and  ^ 
constant  ?  Wc  know  the  shear  wave  also 
changes  velocity  a^  we  go  down. 

Mr.  Alverson:  This  is  an  approxiir  rtion 
we  made  becau:ae  the  equations  become  luore 
lu  nr..iageable  when  you  have  al.'io  a  shear 
variable. 

Mr.  Mow:  Because  you  can't  decouple 
the  equation  between  the  shear  wave  and  the 
dllatational  wave? 

Mr.  Alverson:  Yes.  You  don't  have  a 
distinct  breaking  up  into  two  separate  equa¬ 
tions  in  that  situation. 

Mr.  Weidlinger  (Paul  Weidlinger  Con¬ 
sultants):  In  your  computations  did  you 
notice  any  fronts  which  would  indicate  the 
presence  of  Rayleigh  waves? 

Mr.  Alverson:  So  far  we  have  not.  What 
we  have  here  is  a  sort  of  traveling  source  of 
Rayleigh  waves.  We  have  a  leadUg  edge  of 
the  load  moving..  We  have  not  studied  it  in 
Uial  detail  yet. 

Mr.  Weidlinger:  Don't  you  eiqiect  that 
so  '  cUilng  will  blow  up,  for  instance  at  soms 
uoln'  -here  you  will  be  matching  Rayleigh 
wave  velocities  with  the  velocity  of  the 
advancing  air  blast? 

Mr.  Alverson:  It  could  for  the  case  ws 
have  but  that  would  happen  at  a  rather  large 
value  of  time.  We  start  with  the  air  blast 
leadiiig  edge  moving  superseismlcally  with 
vcloi  ity  2  wiicre  1  would  be  the  velocity  of  Uie 
medium.  The  velocity  decreases  linearly 
until  It's  seismic.  In  what  we  have,  out¬ 
running  occurs  even  before  the  velocity  of  the 
leading  cage  of  the  load  is  seismic.  We 
haven't  really  carried  the  caiculattsa  Into  the 
Siibni'iaiiiic  region  yet. 

Ml.  Weidlinger:  I  am  not  sure  if  I 
intcrpreied  the  last  two  figures  correctly.  I 
notirvd  that  Lie  wave  fion'.  la  outrunning 
forward.  Wouldn't  that  indicate  tliat  you  are 
in  the  cubeeismt;  re, 'ion? 

Mr.  Alvereon:  When  refraction  ocnirs, 

It  occurs  before  the  velocity  ot  the  leading 
edge  of  'he  load  becomes  seismic— hut  ths 
velocity  of  the  leading  edge  of  ‘hr  loe1  which 


is  now  outrunning  is  still  fast  with  respect  to 
any  velocity  you'd  expect  a  Rayleigh  wave  to 
have,  it's  still  superseismic. 

Mr.  Weidlinger:  The  discontinuity  in  Fig. 
4,  Is  this  a  Mach  frent? 

Mr.  Alverson:  This  firsl  appears  on  the 
curve  at  the  time  when  outrunning  of  a  corn- 
preosional  wave  occurs.  That  means  the 
leading  edge  of  the  load  is  just  at  seismic 
velocity  and  the  wave  that  has  reflected  and 
outruns  im  traveling  so  that  the  point  moves  at 
super-seismic  velocity.  The  difference  which 
means  a  little  bit  of  a  discontinuity  in  velocity 
reflects  on  Lie  slope  of  c  a  0  and  will  propagate 
throughout.  It  is  pretty  dtllicult  to  determine 
analytically  what  is  its  speed. 

Dr.  Erode  fThe  RAND  Corp.):  Mr. 
Weidlinger,  w&fld  yvj  expect  a  different  .kind 
uf  reaction  when  the  air  blast  is  traveling  at 
the  same  speed  as  your  Raylsigh  wave? 

Mr.  Weidlinger:  Yes.  I  think  Milgs  has 

shown. . . that  this  solution  Mows  up  at 

various  times.  For  instance,  if  the  velocity  of 
the  air  blast  matches  the  Rayleigh  wave  veloe- 
tty  these  tsentropic  solutions  blow  up  i!»l  you 
get  into  special  pioUems.  The  same  thing 
occurs  iacldsnlally,  whan  the  p  wave  matches 
the  velocity.  It's  a  technical  problem  and  I 
think  it  raiaes  questions  in  numerical  com- 
putatloas  and  in  asymptotic  approximations. 

It's  not  a  real  physical  problem.  Physically 
U  Just  means  the  velocities  have  matched  but 
it  brings  about  sU  kinds  of  grief  when  you 
work  with  it. 

Dr.  Brode:  And,  in  fact,  with  a  numerical 
procedure  euch  as  this  it  might  run  right  over 
It,  aiactt  It's  only  an  inatantaneous  and  point 
typs  siagulsrtty. 


(At  this  point  soTp.s  of  the  discussion  was  lost 
white  ths  laps  was  bebig  chasgad.) 

Mr.  Ahreraon;  . Wa  rscognlss  that 

It's  iwfor*»rt  to  run  out  a  atrlss  ol  parameter 
vurUtloas  and  one  of  f-'P'  *'*11  be  to  allow  the 
wave  speed  to  go  througb  tb"  Rayleigh  wave 
speed.  This  we  do  liy  appi  •  irUte  change  of 
parameters  In  'he  eUet..-  •.<  u.  1  oon’t  think 
this  will  caui«  uny  trc'lui  -  cause  my  recol- 
Ic.-tlos  ot  whu  Miles'  concl"'iicn  was  is  that 
y>ju  woa't  have  a  singulartty  at  (he  Rayteigh 
wave  speed,  provided  you're  going  throughi  the 
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Rayleigh  wave  speed  with  a  finite  accelemtion 
or  deceleration.  We  will  see  whatever  ha)>!>ep.8 
when  we  have  surface  waves  because  the  full 
solution  is  exact  as  far  as  the  elastic  equations 
go  and  the  numerical  methods  are  sufficiently 
refined  to  show  us  everything  that  happens.  I 
also  want  to  comment  on  the  little  cusp  in  Fig. 
4.  What  it  is  really  is  the  Von  Schmidt  wave- 
well,  call  it  what  you  may— we  recognize  it. 

Mr.  Zajac  <ReU  Telephone  Larorato- 
ries):  Did  you  attempt  to  do  a  stability 


analysis  of  the  numeriial  scheme  or  con¬ 
vergence? 


Mr.  Alverson:  The  finite  difference 
equations  are  so  complex  that  a  rigid  stability 
analysis  was  almost  precluded,  but  we  are 
using  a  method  of  characteristics  which  we 
know  converges.  We  kno'v  that  it  converges 
cn.i  '<e  k  ow  that  along  ..haracteristics  a 
truncai.on  error  will  be  propagaled  but  will 
not  increase. 


* 
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A  DEVICE  FOR  DETERMINING  DYNAMIC  STRESS-STRAIN 
RELATIONSHIPS  OF  SOILS 

Kenneth  Kaplan,  .Tame>  V.  /acror.and  A.  B.  Willoughby 
Broadview  hesearrh  r.nrporation,  Durlinganie,  Calilornia 


A  device  for  tha  rapid  determination  of  stress  and  strain  in  small  soil 
saciplet  under  dyna  nic  loading  conditions  has  been  developed.  Stress 
ill  the  sample  can  be  built  up  to  a  constant  value  in  t.mes  as  short  as  a 
few  tenths  of  a  millisecond  through  multiple  reflections  of  the  input 
stress  puise  between  the  two  ends  of  ihe  sample  anJ  can  be  maintained 
at  this  level  indefinitely. 


INTRODUCTION 

As  part  of  a  general  program,  sponsored 
by  the  Defense  Atomic  Support  Agency  to  de¬ 
velop  techniques  and  instrument afion  for  meas¬ 
uring  stress  '.uid  strain  in  soils  under  dynamic 
loading  conditioos,  a  teat  device  has  been  de¬ 
veloped  at  BRC  in  which  stress  and  strain  can 
be  directly  measured  (or  very  rapidly  applied 
lost'  *  '.-f  "long"  duration.  This  paper  describes 
the  ue.  .'cc,  discusses  some  of  Us  more  Inter¬ 
esting  design  features,  and  presents  some 
typical  pi'ellrolnary  results  acquired  so  far. 

In  this  portion  of  the  over-all  study,  at¬ 
tention  has  been  restricted  to  the  plane  wave 
case,  that  is,  to  the  determination  of  stress 
and  strain  in  soils  in  which  stress  wave  prop¬ 
agation  takes  place  in  only  a  single  dimension. 
The  desired  specifications  for  the  stress  load¬ 
ing  (Fig,  I)  are; 

1.  Th*  mimmum  rise  time  of  the  loading 
pulse  should  be  between  O.I  and  1.0  maoc. 

3.  The  maximum  loading  anould  be  as 
high  as  SOO  psl. 

3.  The  maximum  loading  duration  ahould 
be  between  SO  and  300  msec. 

4.  The  muiimum  time  o(  tall  ^uld  be  on 
the  order  of  1  msec. 

These  specifications  more  or  less  reflect 
expected  field  conditions  in  that  tor  ..le  stress 
levels  discussed,  there  should  be  few  cases  in 


which  the  m.  :.  stress  rise  time  is  smaller 
than  orie  iiiSec.  jfi.  durations  of  a  few  hundred 
milliseconds  are  not  inconce'vable. 

In  trying  to  attain  Uiese  s.^ecifications,  it 
waa  found  convenient  to  considsr  three  rela¬ 
tively  distinct  problem  areas:  methods  of 
containing  the  soil  sample;  methods  of  loading 
the  soil  sample;  and  methods  of  making  the 
deaired  stress  and  strain  measurements  in 
Uie  soil  sample. 


CONTAINMENT 

The  problems  of  containment  arise  from 
the  first  restriction,  Just  mentioned,  that  we 
should  consider  plane  waves  alone.  Ideally, 
plane  wave  studies  call  (or  unilorru  loading  on 
a  semi-uifiniie  soil  sample,  one  which  extends 
indefinliely  far  normal  to  the  direction  of 
stress  wave  propagation;  however,  this  la 
clearly  not  prartiral.  The  next  beat  aolution 
Is  to  establish  conditions  at  the  boundarlea  of 
a  sample  of  limited  extent  which  resemb!;: 
cuudltiucs  within  liw  eemi-lnflrJte  sample. 
These  boundary  requirements  are:  The  sam¬ 
ple  must  be  totally  restrained  laterally  (that 
is  strain  iw.mal  to  the  direction  of  stress 
wave  propagation  mum  o«  pt  ;yeutcd),  and  the 
boundary  must  be  <issenl'.«i'-.  trlctionieaa. 

The  approach  wc  '.  i  to  eat.Biy  these 
boundary  cordvttune  wa*  to  ir.  ke  the  sample 
b<  .ndary  a  iotuiy  contained  lube  of  fluid  (with 
a  very  light  membrane  separating  fluid  and 
soil).  With  a  relatively  small  fluid  volume 
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Fig.  I  -  Characteristic:!  of  ideal  (target)  loading  pulse 


(Ihe  fluid  being  nearly  incompreseible),  es- 
ser  'ly  complete  lateral  restraint  should  be 
proviced  and  iite  effects  of  boundary  friction 
should  be  greatly  lessened  by  the  lubricating 
action  of  the  fluid. 


LOADING 

The  task  of  obtaining  the  load  time  his¬ 
tory  on  the  Je  sired  soil  sample  presented 
some  penilexiiig  problems.  For  long-duration 
puifies,  if  U  :  loading  were  to  be  applied 
thruogc  a  Single  itulse  unaffected  by  reflec¬ 
tions,  a  very  long  sample  (perhaps  100  feet 
long)  could  be  necessary.  It  was  concluded, 
however,  that  a  single  pulse  would  not  really 
be  req.iied  (that  is,  stress  wave  reflections 
could  be  permitted  providing  that  the  desired 
shape  of  the  load-time  history  tn  the  sample 
o  iuid  be  obtained).  The  technique  of  allowing 
Uresb  ua-.e  reliecUons  w-'s  termed  the 
uiuliipie-pulse  tc  .iuiique. 

The  roost  serious  problem,  arising  when 
stress  wave  reflectlous  are  permitteu,  is  that 
Ronuiuform  stress  conditions  can  exist 
throughout  ths  sampls— in  fac*,  local  tiansient 
stresses  can  exceed  a  finally  attained  stress 
level;  this  can  be  seen  In  Fig.  2— which  shows 
possl>..e  stress  distributions  lor  an  elastic 
soil  <wm|Jle  Uiat  has  been  subjected  to  an  In- 
stantanoously  applied  uruform  load. 

The  degree  of  nonunUormlty  of  stress  in 
the  sarTiple  and  the  magnitude  of  ovorslresslng 
ar  e  In  larg  ■  oart  dependetd  on  the  rate  of 
sample  loading  and  on  the  number  of  times  *he 
stress  wave  Is  allowed  to  traverse  the  sample 


during  the  rise  time  of  tiie  loading:  the 
greUer  the  number  of  piissages,  the  more 
'iniform  the  loading  ''id  the  smaHer  the  trans¬ 
ient  overstressing,  since  nhortening  the  sam¬ 
ple  would  allow  more  ait'ess  wave  transits  for 
any  one  value  of  pulse  rise  time,  it  seemed 
that  the  use  of  multiple-pulse  technique  re¬ 
versed  the  sample  length  requirement,  that  is, 
a  very  long  sample  is  required  for  single- 
pulse  loading  and  a  very  short  sample  is  re¬ 
quired  for  multiple-pulse  loading.  The  aver¬ 
age  stress-time  pattern,  in  an  idealized  clastic 
sample  for  a  loading  pulse  with  a  rise  time 
equU  to  10  passage  times  through  the  sample, 
compared  to  the  ideal  loading,  is  shown  in 
Fig.  3. 

MEASUREMENl 

If  simultaneous  measurements  of  stress 
and  associated  .strain  m  a  soil  sanqile  aie  to 
be  made,  Eingic-))ulsc  loading  techniques  re¬ 
quire  that  strain  and  perhaps  stroBs  m'.a::urc 
meats  be  made  within  a  sample  in  such  a  man¬ 
ner  that  the  sensors  do  not  disturb  stress  wave 
prupagatiuns  and  that  they  respond  to  the 
stresses  and  strains  that  wouM  exist  in  their 
absence.  Such  stringent  requiremenU  need 
:<c  longer  be  mot  when  oiultiple-pulse  loading 
is  used.  Strain  measurements  can  he  made 
over  the  cnt’re  sam).ie.  Stress  in  the  sample 
muot  be  unifonn  fur  such  mcasurei.icnts  to 
have  any  meaning;  however,  app.'’  uiately 
uniform  stress  will  be  obtained  If  r-  lehout  the 
sample  in  satisfying  the  require  I'l  ■■■■<.  that 
large  trarslent  oveuirebSing  bo  pro  untod. 

To  avoid  problems  of  stress  concentra¬ 
tion  or  stress  relief  In  the  vicinity  of  a  stress 


(!0 


gage  (due  to  differential  motion  of  the  gage, 
with  respect  to  the  remainder  of  the  b  .';<ndary), 
we  chose  to  have  tlie  fixc<l  end  bounoaiy  con¬ 
sist  of  a  stress  sensor  of  uniform  character¬ 
istics— in  particular,  a  wafei  of  piezoelectric 
ceramic. 

Measurement  of  strain  is  made  by  moni¬ 
toring  the  displacerucnt  of  the  opposite  end  of 
the  sample.  A  variety  of  small  displacenient 
sensors  are  available  (linear  variable  differ¬ 
ential  tra]i£.''o  .-mers,  capacitance  change  de 
tectors,  and  even  an  optical  system).  F'  r 
reasons  of  cost  and  iicxibility,  one  which  de¬ 
tected  small  changes  of  ca{;acitauce  was  cho¬ 
sen  for  these  tests. 


TESTER  DESIGN 

A  schematic  diagram  of  the  tester,  devel¬ 
oped  in  accordance  with  these  requiremeids, 
is  shown  on  Fig.  4  The  input  loading  Is  sup- 
plio '  a  modified  shock  tube,  consisting  of 
a  larg;  compiession  chambe  r  that  is  separated 
fiom  a  small  expansion  chamber  (the  sample 
holder  itself)  by  a  frangible  diaphragm.  Dy 
suitably  adjusting  the  volumes  of  the  two 
chambers,  the  final  pressure  level  in  the  sys¬ 
tem  cim  be  made  approximately  the  same  as 
the  initial  reflected  shock  overpressure. 
Daffling  inserted  into  the  compression  cham¬ 
ber  (not  shown  in  Fig.  4)  serves  to  unooth  the 
transition  between  the  initial  air  shock  loading 
and  the  flea,  loading,  minimicing  any  loading- 
pulfc  i-sclllatiuns  caused  by  internal  reflection 
of  shock  ard  rarefaction  waves. 

The  loading  pulse  is  further  smoothed  and 
the  desired  finite,  but  very  rapid,  rise  time  of 
the  loading  pulse  is  achieved  by  causing  the 
air  shcjck  to  pass  through  a  constriction  in  the 
expansion  chamber  prior  to  loading  the  sample 
(generally  tire  constrfrtioq  takes  Lhe  form  of  a 
I'orforaled  metal  plate). 

The  air  sliock  loadtog  is  actually  applied 
to  th"  sample  through  a  very  lightweight  buffer 
whose  displacement  is  monitored  to  give  tho 
strain  in  the  sample.  The  wal'.s  ot  the  buffer 
form  one  plate  of  a  cylindrical  condenser,  the 
capacitance  of  which  changes  when  the  buffer 
is  dls|.'.aced.  (The  sensitivity  of  the  displace¬ 
ment  system  Is  such  that  a  O.GOt  inch  move- 
meiil  oi  the  buffer  causes  a  1.3-i.och  displace¬ 
ment  of  a  spot  on  p"  oscilloscope.)  Note  the 
fluid  layer  surrounding  the  sample  and  ll'e 
piezoelectric  ceramic  wafer  at  the  reflecting 


It  is  intended  to  use  the  shock  tutie  type 
of  loading  for  pressures  up  tn  ai>oui  Kil,'  psi, 
and  a  Boyntoi  c'lboratory  model  500-psi  loader 
for  still  higher  pressures. 

The  assembled  tester  is  shown  in  Fig.  5 
.and  tile  various  components  oi  the  tester  are 
shown  in  Fig.  6. 


TEb o 

The  initial  work  w.ih  the  soil  tester  was 
devoted  to  a  separate  evaJu.'ition  of  various 
components  of  the  tester.  Figures  7,  3,  and  9 
show  he  types  of  air  pressure  loadings  ob¬ 
tained  from  the  shock  tube  loader  by  suitably 
modifying  the  compression  chamber.  It  is 
evident  that  these  loauings  are  good  approxi- 
matiops  to  the  desired  loadings 

The  wafer  stress  ga;-;e  was  tested  under 
dynamic  conditions  using  an  air  shock  and 
foued  til  operate  satisfaciorily.  Thr  linearity 
'.'jid  sensitivity  of  the  ctrain  gage  were  feund 
to  be  satisfactory  by  static  tests  and  Gie 
■[  changes  in  stray  capacitance  under  dynamic 
leading  were  found  to  be  small. 

Some  tests  were  also  made  to  evaluate 
the  fluid  layer  concept.  In  these  tests,  in 
place  of  the  full-disk,  soil-stress  gage,  the 
base  of  the  tester  was  fitted  with  two  sensors, 
having  1/16-inch-diameter  sensitive  areas, 
one  in  the  center  of  the  base,  and  one  near  the 
edge.  ''Samples"  of  modeling  clay  were  used, 
in  one  case,  in  direct  contact  with  a  steel 
boundary  (inserted  in  place  of  the  fluid  layer). 
In  another  case,  the  sample  w»*  enclosed  in 
a  membrane  and  surrounded  by  a  fluid  layer 
consisting  of  a  layer  of  grease  between  the 
membrane  and  the  steel  wai!.  The  results 
front  two  such  tests  are  shown  in  Fig.  10.  Li 
both  cases,  the  center  and  edge  gage  traces 
resembled  vath  other;  but  where  the  sample 
was  in  direct  contact  with  a  steel  boundary, 
the  stress  recorded  by  the  edge  gage  was  only 
88  percent  of  that  recorded  by  the  center 
gage,  whereas  (or  the  fluid  boundary,  the  two 
gages  read  the  same. 

In  additional  testa  of  this  same  general 
typo  with  rigid  bevrj'  'Ties,  the  edge  gage 
readings  wied  from  SO  to  90  V  ui  iiie 

center  gage  readings,  and  In  somo  r  ..ses  had 
different  rise  cliaracteriat:'Ls.  Fci  .  ae  fluid 
boundary,  ho-wever,  no  difference  -  •  ..e  ob- 
served.  Figure  11  shiiws  the  r'.su.'.ia  <<o  far 
'  obtained  '  .th  simulate.  I’oiis  and  sh:  ws  the 


OS 


» 


K*g.  4  -  Schemavir  qi  the  soil  tester,  compon-  .  ts  ab 

follow*:  (1)  c  ;  Tip.  eRPioi.  chamber,  (2)  plungcr,(3)  fra'tgib«.e 
(4)  expansion  chA.*i.'>v  r,  (Si  screen,  (6)  air^pressur*  gage,  (7'b«^.-  (g) 

soil  sample,  IV)  fluid  boundary. (10)  waf  r  soiUnre  <  {IM  r..;.iber 

membrane.  (*g)  displacement  uensor  p  ite 
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rig.  S  '  The  eoil  tetter 
Uttembled) 


i>.  6  •  Soil  tetter  component*^  (left  to  riglit):  *he  wafer  •treta  gage  cr.  the  tetter 
te;  the  liKhtweight  buffer;  the  dieplacement  and  .^ir-pretture  gage  houting»  the 
reen  (ti.d  tcrecn  holder 
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Fi^j.  9  -  Aii:-pr«'ssu*»*  1(^2^  (APC),  presfruk-eotiiiic  records  lro»n  u!..i»wd- 
ifu'd  (leh)  and  modified  (right)  tester,  with  an  initial  compression 
c5;amber  pressure  of  24.2  psi.  (Note:  Ihe  tinrsing  trace  is  a  1-kc-per- 
>quare  wave.  Compression  chamber  modifik.ations  arc  as  m  Figs. 
!  inJ  b.  t» -t  Che  screen  immediately  above  the  APG  has  been  replaced 
wiiha  tK-silue  diaphragm  —  immediatcly  below  ihe  frangible  diaphragm.) 


Tig  10  >  Compat  isnn  of  c»'>)'cr  soil-stress  gage  (CSSC'  anJ  edgv-  aoil-stress  ?igc 
(L;S5(1)  ri.«tdings  oi  stress  versus  ttiiM*  for  (left)  a  sample  in  discreet  contact  Wkth 
a  Htcel  boundary  and  (right)  a  sample  separated  from  me  boundary  by  a  ri.b^  e- 
mc:iibranc  and  grrase  layer.  (Note:  The  timing  traces  arc  1-kc-per-st  c  squ.'i  r< 
wa  V  e  s . ) 
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Fig.  11  >  traces  (rom  a  single  tee‘,  with  a  r.indriing  clay  "sanipl**." 
(Note:  The  soU^stress  records  in  the  center  arc  from  the  fuli»disi^  "'-ter 
stress  g^g^-  The  soil^strain  records  on  the  ngni  ir*-  of  thtr  uul>>ut  of 
the  displacement  sensing  system.) 


type  cl  records  Uuil  Broadvie-"  researchers 
can  expect  to  analyze. 

The  tester  is  now  developed  virtually  to 
the  point  ai  which  testing  ol  r'^al  soils  can 


begin.  All  components  and  concepts  have 
been  tested— stilt  with  Sir.iulated  soils— with 
all  comiiQiieiits  operating  satislaciorlly. 


msciissioM 


Mr.  Clough  (Lockheed,  Burbank):  Do  I 
infer  that  there  is  l.ttle  or  no  attenuation  of 
these  reflected  waves  during  the  time  of  ln> 
terest  of  the  experiment? 

Mr  Ka^ilan:  in  the  case  •>!  an  elastic 
aainpTe,  there  would  lie  no  attenuation  since 
tlMire  Is  no  attenuating  oMchaaisro. 

Mr.  Clough:  How  realiatlc  is  this  In  the 
case  c7  Vill  sannilec^ 

Mr  K^Im:  For  real  enils  toere  would 
toe  attcruatlan.~  You  would  expert  the  us.  illa¬ 
tions  to  damp  out,  as  in  fact  they  did. 

Mr.  CIcugh'  Then  I  am  puzzled  by  the 
sumiiiaiy  wIJi-K  said,  'The  stress  pulse  ran 
be  maintained  at  thle  levsl  Indefinitely." 

Mr.  Ka^ilan:  The  co-nprekalisi  chamber 
IS  pumped  up  to,  aay  77  pet,  and  llie  frangible 
dia.!hragm  is  ruptured.  The  preseure  slaye 
there,  in  the  chamber.  You  can  kt  p  l*  up  ae 
long  as  the  ecsls  last.  The  ei^ordiigt  system 


migM  have  a  little  difficulty  in  staying  with  it, 
but  the  load  on  the  sample  can  be  maintained 
indefinitely. 

Dr  Brode  (The  RAKD  Coq>  ,  Chairman): 
U  is  nid  a  mitt'ef'iT’dls'sTpafi'on^^ 

Mr.  Kaplan:  No,  it's  a  static  situatioa. 

Mr.  Hammer  (Shannon  &  Wilson)'  What 
ware  (bs  prlmiu7  reoults  you  li.ipcxl  to  got  by 
teetlsg  actual  sotl  samples  with  this  device? 

Mr.  Kaplsn:  The  relstioaship  between 
rtreas  ai^ratrsln  in  particular  materlale  un¬ 
der  dysiimic  loadbuf  conditions.  The  knowl¬ 
edge  of  t;.'.'.  relaltonshlii  serves,  I  tltink,  lor 
many  purposes  as  an  i  iv.''  ‘.;r  cj  state.  Dy- 
nsmlc  stress- strziii  r«'i3t‘.''nB  sliou'd  differ 
front  the  static. 

Mr.  Ha.nrter;  T'.en  ,  .'  i  are  alter  tne 
'.sirtraini  it  \«iTua  of  diftr'  jn*.  loading  times  ? 
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Mr.  I^lsn;  Right. 


Mr.  Weidlinger  (Paul  Weidlinger  Consult¬ 
ants):  You  uiacrted  a  8cre«u  in  your  device  to 
produce  a  rise  time  in  your  puise.  v.  tiy 
wouldn't  you  preier  a  clean  shock? 

Mr.  tuipian:  A  clean  shock  bounces  off 
the  opposite  end  of  the  sample  and  increases 
the  stress.  It  is  necessary,  therefore,  to  slow 
ihe  loading  so  that  only  a  portion  of  the  shock 
reflects  from  the  o;.:x,site  end  at  any  one  time. 
In  this  way.  many  reflections  of  different  por¬ 
tions  ot  the  pat-.;  allow  the  actual  stress 
williui  Die  sample  to  build  up  over  a  period  of 
time.  You  have  to  mal-e  the  so’*  samp.e  sm-il 
enough  so  that  many  transients  are  permitted 
before  the  stress  attains  its  final  level.  If  the 
sample  is  too  long,  the  stress  transient  will 
increase  above  the  linal  stress. 

Mr.  Weidlinger:  Is  there  any  problem  of 
FMeral  reflectiuns  from  the  side  of  your  sam¬ 
ple?  You  might  have  dispercal  effects— lateral 
propagation  ? 

Mi  Kaplan:  We  have  just  equipped  the 
tester  with  a  poit  for  making  lateral  pressure 
measoremeuvs  m  the  fluid  boundary. 

Mr.  Miklowitr  (National  Engineering 
&icncc  Co.y  Or.  this  point,  the  closer  you 
get  to  the  rubricated  interface  the  more  as- 
iHirance  you  have  (hat  there  will  not  be  any 
dispersion  (ui  tne  plane  wave  case.  This  is 
just  a  slice  cut  of  the  plane  wave  Case  for  the 
two-diraeasi<  -  al  model.  In  other  Wuids,  you 
weald  .'.'t  :•  tars  ,«  no  mode  conversion? 

Mr.  Kapi..n:  Yet,  ideally  you  should. 

Mr.  Chilton  (Stanford  Research  Institute); 

I  am  paiiicuIarTy  interested  in  your  strain 
g:4;<'  arui  I  wdodiTi'd  if  you  can  say  a  little 
alioiit  ila  »infcd  and  frequency  response?  I 
noticed  in  Kig.  11  that  you  gut  an  attenuated 
.v-ive.  I  was  wondering  whether  that  was  due 
to  the  sample  or  due  to  the  strain  gage. 

Mr.  Kap^;  liu.  Tho  strain  gage  has  a 
natural  frequency  of  30  kc.  The  recording 
system  is  quite  rapid,  much  faster  than  is 
needed  for  rise  limee  of  greater  than  0  3 
msec.  Tne  rounding  was  not  due  to  the  re¬ 
cording  Anyhow. 


Voice:  I  did  not  iiderstand  why  you 
had  the  compre.^sion  chamber  a  gre  *ter  rfiani- 
pler  than  the  c  an  jion  ciiamber.  It  may  h,cve 
caused  some  ot  the  difticulties  that  were  in 
your  records. 

M.-.  Kaplan:  You  ace  probably  right  that 
some  o'  the  difficulties  are  caused  by  this. 

Our  first  thoughts  were  that  the  volume  of  tie 
compref  iiuri  chamber  should  l.>e  very  large 
-oii.p  -  ,d  to  the  volume  of  the  expansion 
chamber.  If  this  were  so,  then  the  final  pres¬ 
sure  would,  es'-ontially.  be  the  initial  pres¬ 
sure;  however,  there  were  much  greater  re¬ 
flections  than  we  had  anticipated— shocks 
bouncing  oft,  and  rarefactions  forming  at  the 
shoulders.  We  have  used  compression  cham¬ 
bers  the  same  size  as  the  expansion  chamber 
for  different  purposes.  We  still  see,  of  course, 
the  reflections  back  and  forth  through  the 
combined  expansion  and  compression  ch.un- 
ber,  but  not  quite  to  the  degree  that  w  have 
now.  The  present  baifhr.g  ri  the  compression 
chamber  has  materially  di creased  its  size, 

8'  Nir  first  concept  isn't  holding.  Wliat  is 
:  is  some  meciu.  .ism  for  smoothing  out 

ihe  reflections  whether  'v.i".,  small  nr  large 
compression  chambers. 

A  Voice:  I  was  not  too  concerned  about 
the  reflections  from  the  back.  You  can  always 
make  your  compressicn  chamber  much  shorter 
than  your  expansion  chamber. 

Mr.  Kaplan:  'But  you  will  stilt  sec  the 
reflections  for  long  duration  loadings.  You 
may  not  be  worried  about  the  reflections  from 
the  back  of  the  compression  chamber  because 
your  interest  does  not  extend  for  that  length 
of  time.  But  we  want  to  go  on  lonif  enough  for 
the  rarefaction  from  the  back  of  the  compres¬ 
sion  t>'  impinge  on  our  measuring  scheme.  So 
there  must  be  some  way  of  smoothing  that  out 

A  Voice:  You  can  get  a  free  region  in  a 
shock  tube— several  milliseconds  during  which 
you  will  be  free  completely  of  any  reflections 
from  any  place  else  in  the  tube. 

Mr.  Kaplan:  Yes,  but  for  1C  msec  you'd 
need  about  aHS- feet- long  chamber.  We  are 
shvs.’lng  for  hundreds  or  inilUseconds.  It  then 
becomes  extremely  difficult. 
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IMPACT  WAVE  PROPAGATION  IN  COLUMNS  OF  SAND 


^laint»  R.  T'arkin 
rh._  '  jrporaiion 


SUMMARY 

A  phenomenological  theory  is  oeveloped 
in  order  to  blody  the  propagation  of  unidimen- 
siuui  compression  waves  in  columns  of  sand. 
The  medium  o(  the  theory  is  treated  as  an 
elastic -plastic  continuum.  It a;«imnd  that 
each  element  of  the  exhibits  a 

strain-rate  effect  such  that,  at  a  given  strain, 
the  plastic  strain  rate  is  proportioiul  to  the 
difference  between  the  compressive  stress  ' 
ilie  particle  and  that  stress  which  wraild  ar  on 
the  element  under  static  conditions.  Published 


cxpenmenUl  results  on  the  propagation  of 
stress  waves  in  sand  are  us^  as  a  basis  of 
comparisoB  betv.ocn  experiment  and  theory. 
The  present  theory  g‘ves  satisfactory  agree¬ 
ment  with  experiments  on  two  dry  sands.  In 
addition,  the  theory  is  used  to  investigate  the 
response  of  drum-type  pressu.  e  gages  to  im¬ 
pact  loading  and  problems  •-  -.uiected  wiU>  the 
derivatictt  of  "'lynamic''  stress-strain  cutves 
from  experimciitul  i^reas  histories  at  lixed 
points  in  a  land.  Cundilions  derived  from  the 
theory  whic:-  ~aight  permit  the  proper  scaling 
of  laboratury  rc<^ii' s  are  discussed  inthispaper. 


* 


♦Thi»  paper— un  the  b..ppl,.infiil.lr-  Lirt  for  the  .Symposium— is  being  published  by  the  Aliic-r- 

,..«n  Sociuiy  of  Civii  i'.neinc  rj  in  the  Journal  of  the  Si.il  Met-hanics  and  Fouiu^ations  Division. 
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EQUATIONS  OF  STATE  STUniES  FOR  SOIL* 


Mich.ii-i  A  i 

Armour  ReSfarch  Feu.  iation 
C^^^ago,  Illinois 


L. 


The  pressure-volume  variations  of  several  'ifferent  solids,  .^rom 
atmospheric  pressure  to  millions  of  atmospheres,  are  concisely 
presented  to  illustrate  the  possibilities  of  compression  of  solids  under 
pressures  which  are  possible  from  nuclear  explosions.  Ran’  ine- 
Hugoniot  equation  of  state  curves  are  d4*veloped  for  silica  glass  and  an 
aggregate  of  the  siltca  glass  and  air.  i.e..  a  c-y  "sand"  of  silica  glass 
globules,  from  the  isothermal  equation  of  state  of  the  silica  glass.  The 
"  waste  heat  concept"  is  derived  from  fundamental  thermodyejmir 
principles.  This  paper  shows  that  the  thermal  energy  rorresponing 
to  the  tmtropy  change  in  a  shocked  porous  or  solid  material  is  partiaalv 
"wasted"  in  raising  the  temperature  o'  ..le  material  and  a  small  frac. 
tion  of  it  is  utilincd  as  hydrodyiiV.oi-  *  lergy.  Laboratory  s-.-rt  experi- 
r,'-..'  r.ts  for  obtaining  equ.ariona  of  st.ite  data  for  soils,  up  to  pro  .u  n.;  of 
millions  of  atmosph-res  and  down  to  the  elastic  pressure  range,  are 
described. 


INTROnijCTION 

The  Rankine-Hugoiuoi  e<(uation  of  ^te 
for  a  aoil  pi .  u-des  informaUui  esseiiUiu  for 
p!'edit.:..e.g  sliuck  wave  propagatloa  In  the  soil. 
For  turd  rocks,  Ranklne-Hugoolot  data  from 
as  higji  as  hundreds  of  thousands  of  atmos¬ 
pheres  is  necessary  In  order  to  predict  the 
shock  wave  propagation  from  a  nuclear  under¬ 
ground  explosion.  Conversely,  the  seismic 
pulsf  at  iuiDiC  eijatame  from  an  underground 
explosion  IS  premised  on  the  equation  of  state 
of  U-.c  soil  g.t  the  low  pressures  in  the  transi- 
ti  in  region. 

Ihe  extrcinelv  high  pressures  generated 
by  r.'j'.'lcar  exrloslooa  challenge  the  Imagina¬ 
tion  beyond  normal  Intuition.  High  pressure- 
density  daU  obtained  by  diverse  means  lor  a 
number  o(  solids  and  for  ait ,  are  presented 
in  this  paper  to  illustrate  the  elfects  of  high 
pressu. cs. 

The  Ha.tklne-Hugonlot  and  isentropic 
equations  o(  state  are  derived  below  for 
solid  still  a  glass  Irom  its  empirical  iso¬ 
thermal  equation  of  state  based  on  static 


experiments.  A  Ranklne-Hugoniot  curve  is 
constructed  for  an  aggregate  of  the  silica 
glass  globules  and  air  (I.e.,  dry  "sand"  of 
silica  glass),  using  the  Ranklne-Hugoniot 
equation  of  state  curve  of  the  solid.  The  term 
"aggregate"  is  used  for  this  simple  combina¬ 
tion  ol  air  and  solid  because  it  is  desired  to 
establish  a  generic  term  which  will  apply  to 
many  combinations  of  sir,  water  and  solids  to 
be  Mludied.  "Aggregate"  as  used  in  this  sense 
is  delined  as  cur.fluent  solids  with  llmds  (tiling 
the  mtcrgranulai  spaces. 

The  relatlor.  between  the  thermal  energy, 
the  entropy  change  and  the  "waste  heat"  is 
e)q>lslned.  It  Is  shown  that  the  "waste  heat," 
which  Is  the  energy  loss  that  attenuates  the 
shock,  Is  lets  than  the  thermal  energy  due  to 
the  entropy  change  from  Isentropic  to  shocked 
conditions. 

The  temperatbit  of  the  silica  glass  and 
the  equilibrium  teniperature  of  ux'.  a;  ^iregate 
are  found  and  the  transifiui.  regiuq  ihe 
aggregate,  wherein  the  strv.ig  sh-xK  >  hanges 
to  a  seismic  pulse,  Is  analyzed.  a  glass 
was  chosen  for  this  ntndv  tecauxS  mi  .1  is  a 


’’-Tliia  F-p'-i  was  not  presented  at  the  .Syri;poslum. 


major  constituent  ot  most  soils  and  fortui¬ 
tously  there  is  high  pressure  density  data 
available  lor  it.  Dynamic  experiments  (or 
determining  Rankinc-Hugoniot  relationships 
in  porous  media  are  described. 


COMPRESS DILITY  OF  SOUOS 

Underground  nuclear  explosions  cr 
press  soils  to  millions  of  atmospheres  and 
Inotuntaneously  reduce  Ihnm  to  jr.ioll  fractions 
of  their  initial  volumes.  The  precise  deter¬ 
mination  oi  me  pressure-density  relationship 
in  the  soils  at  these  extreme  pressures  is  yet 
to  Le  accomplished.  In  the  attempt  to  provide 
answers  to  the  questions  raised  by  nuclear 
explosions,  it  i  j  necessary  to  make  the  best 
possible  use  ot  all  Information  on  extreme 
pressures  that  is  available. 

Experimental  data  on  shock  waves 
generated  by  explosions  with  peak  pressures 
of  hundreds  of  ktlobars  {1  bar  >  O.y?  atm)  are 
available  for  aluminum,  copper,  zinc,  and 
other  metals  |1|.  Chie  type  ot  experiment 
measures  the  (roe  surface  velocity  a.id 
another  is  of  the  impedance- matching  type. 
Certain  innovations  must,  however,  be 
inirt.'duced  to  such  experiments  to  make  them 
useful  for  invesUgatl^  the  pressure-density 
relations  in  porous  materials  and  aggregates. 

Recently  sllican  dioxide  sissa  wae  sub- 
je> '  r  1  to  static  pressure  rsnglng  up  to  300,000 
atinosphores  (2|.  Below  50,000  atntospheres, 
B.-idgman  provides  pressure  volume  data  on 
silica  glass  m  increments  oi  pressure  that 
are  useful  in  coniputsttons  (sj.  These  experi¬ 
mental  results  are  uaed  in  the  Investlgatlcn  of 
the  behavior  of  the  aggregate  of  silicon  dioxide 
glolxili'i,,  i-iifially  in  a  normal  atmosphere  of 
air,  which  are  then  subjected  to  strong  shocks. 

Tiie  Ferml-Thomas  method  ot  quantum 
mechanics  has  been  applied  to  matei  isls  such 
as  Irvsi  to  exploic  tiie  pressure-density  rela¬ 
tions  at  extremely  iiign  pressures  (4,9). 

These  results  provide  an  Insight  into  the 
behavior  ot  materials  at  pressures  which  sre 
beyond  the  normal  realm  o(  intuition. 

Representative  examples  of  data  obtained 
trcni  some  ot  the  above  piesaure-de.istty 
liciermlnattons  are  shown  In  Fig.  1  in  order  lo 
provide  in  a  concise  form  an  Ulustrative  reter- 
■■nce  ot  (he  prcs8ur?-denslty  1*  havior  ot  solids. 

The  curves  (or  Iron  and  for  atomic  num¬ 
bers  18  and  54  are  shown  In  FIs.  t  merely  to 
illustrate  the  possible  compre.ssiblll.ies  of 


■  'f 


Fig.  1  -  Rreiiiurc.-deniitv  <>t 
vxriou?  hulidH  ami  ail* 
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solids  at  exlrrrncly  high  !>rtssui'Cs.  Tho 
curves  for  carbon  and  potassium  are  use-!  to 
compare  the  trends  of  static  compressibility 
experiments  and  quantum  theoretical  calcula¬ 
tions  respectively  [6,7],  The  curve  for  silica 
glass  is  based  on  the  static  compressibility 
experiments.  The  method  of  ariiving  at  this 
curve  and  its  use  for  developing  equations  of 
state  for  silica  glass  and  an  equation  oi  state 
curve  for  an  aggregate  of  silica  glass  globules 
are  presented  ie  tnis  paper. 


SOILS  AND  SlUCA  GLASS 

The  type  of  soil  is  as  important  with 
regard  to  the  transmission  of  pressures  from 
nuclear  exp.osions  as  it  is  for  pressures  from 
chemical  explosions  (81.  In  field  experiments, 
the  instrumentation  and  its  application  afiect 
the  "scatter"  in  the  data.  For  the  purpose  of 
niaking  a  quantitative  estimate  of  the  actual 
equation  of  state  of  soils  and  to  develop  the 
meinoo  jI  obtaining  a  Rankine-Hugoniot  equa¬ 
tion  of  state  from  static  pressure-density 
data,  a  dry  silica  glass  aggregate  is  used 
Silica  IS  a  major  constituent  found  in  many 
soiUs:  for  instance,  the  tuffs  at  the  site  of  the 
first  indcrgroiind  nuclear  explosion,  Rainier, 
consisted  primarily  of  glass  with  phenocrysts 
af  quartz  and  orthoclase  [9). 

The  pressure-density  variation  of  silica 
glass  IS  give-  in  *hc  literature  In  In-T.nents 
of  p.itssure  c.  .  '’■'f'  bars  to  50,000  bars  as  a 
result  of  static  experiments  (3).  Above  50 
kilobars,  thi-  pressure-density  relation  may 
N*  approximated  from  cxpcrlr..c.''.:s  an  the 
compression  of  silica  glass  beyond  the 
elastic  limit,  up  to  200  kilobars  i2|. 

iM'spilc  Ihf'  ii-revcr  siiuiily  of  roniprcssici. 
fni  SUCH'  i.ioihci  rnal  compressions,  the  use  ol 
"reversible  '  pressure-density  data  in  the 
present  paper  is  feasible  because  glass  will 
return  to  .rs  ui  iginal  density  when  annealed 
[2;lu|.  U  IS  Shown  later  that  tihocked  silica 
aiuins  annealL^  temperatures.  The  Irre¬ 
versible  compressibility  of  stiles  glass  wss 
found  by  measiTmcnts  of  the  change  in 
density  u(  the  glass  after  the  pressure  upon 
it  was  relieved.  The  percentage  change  In 
density  of  the  silica  glass  is  showi-  in  Table  1 
lor  various  pronsures.  That  the  silica  glass 
retained  considerable  elastUiiv  even  after 
"Irreversible"  compression  u  shewn  by  the 
fact  1 1  a*  inc  rapid  reduction  ui  pressure  uften 
cciulted  In  till;  "blowout"  ot  the  speclmeii 
from  the  reu-'ing  ilng. 


TABLE  1 


Dependence 

Densi 

of  Percentage  Hcaidua. 
Change  on  Pressure 

Pressure 

(kilobars) 

i— ■ 

1  Percentage  Change 
in  D'  ty 

00 

i 

I 

20 

!  0.1 

40 

:  0.2 

60 

1  0.8 

80 

j  2.3 

100 

j  4.2 

ISO 

1  8.7 

1 

200 

;  13.2 

The  pressure- vo’-  nie  variation  for  the 
silica  glass  above  40  kiloharn  is  premised  on 
the  assumption  that  tne  vo  urn.  of  ll.e  glass 
wiU  decrease  beyond  tiiat  at  40  kilobars  by  a*, 
least  its  correspondence  to  the  percentuge 
change  in  density  as  shown  in  Table  1.  The 
pressure- volume  relationship  based  on  that 
premise  is  shown  in  Fig.  2.  Some  overrun  of 
the  volumetric  change  is  possible. 


EQUATION  OF  STATE 
Solid 

A  curve  representing  the  Rankine- 
Hugoniot  equation  of  stale  is  found  by  appro- 
(Mi-.t.  iy  '( l.iting  the  ;jM'ck  wave  factors  to  the 
isti.tfoinc  '  qualioii  of  slate.  It  is  .shown  iliat 
Ixvause  ol  tlie  small  ditlerenccs  bidween  the 
isentroplc  and  l-.-ghermal  compressibilities  ot 
the  solid,  the  isothermal  equatlur.  of  state 
closely  approximates  the  Isentroplc  equation 
of  slate. 

The  experimental  Isothermal  compression 
curve  showT.  In  Fig.  2  perves  as  a  reference 
for  determining  the  constants  in  an  isothermal 
equation  of  sute  wl...  a  will  lake  into  account 
tiic  overrun  ol  the  volumetric  .ut 

shown  by  the  experiments. 

The  isothermal  equation  of  •'>  .. 
expressed  In  the  (ollovlng  form  Jlij 
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P  - 


/v  -v>  /v  -vV 

V  '  'o  / 


where 


where 


A  - 


if: 

”  V 


2»c  \ 


am] 


(2) 


*  specifir 


rm_ 
mn  le 


The  ii.-.rameters  a,  i>,  and  c  are  (unctions  o( 
temperature  a-ip  correspond  to  the  coeffi¬ 
cients  of  thermal  expansion,  isothermal 
cotnprcssibility,  ana  the  hang-  of  <  oinijrc.->- 
sibility  with  pressure  respectively.  They  are 
found  at  ambien*  pressure  on  the  basis  of 
physical  arguments  from  measured  data. 

The  variations  of  parameters  .  ,  n,  and  c 
with  teiiipcrature  and  pressure  over  the 
ertire  range  of  conditions  to  which  t.he  silica 
glass  is  exposed  are  nut  known.  The  roeffi- 
lients  A  and  c  are  approximated  by  fitting  to 
the  cx"'rimenlal  curve.  The  values  (or  A  and 
B  are  U.,000  and  1,8SU,000,  respectively. 
These  numbers  arc  of  the  order  of  magnitude 
of  those  found  (or  A  and  M  by  suostitution  of 
the  appropriate  measured  values  of  the 
parameters  *,  l>,  and  r  into  Eq.  (2).  The 
ompii  iv  al  equation  ul  state  found  by  substi¬ 
tuting  the  values  of  the  coefficients  into 
E.;.  il)  is  shown  as  tl.e  solid  curve  on  Fig.  2. 

The  isciuropic  equation  of  state  is 
required  to  fp  .  'iie  "Ra.'Jime-Hi<goa.ui  ' 
reirtior ships  n.  toe  solid.  It  is  shown  below 
that  the  >se>lhernial  and  isentropic  equations 
of  state  lor  a  solid  are  practically  the  same. 

The  rciationship  between  the  isothermal 
and  isentropic  compressibilities  is  derived 
from  ihe  iwo  T  ■I'-  i  f, nations  of  rlassKiil 

lla  1  '.iiKl , i.umici,  till-  II  .'.lilt  i.» 


=  voIuT.^  f  xpans  ivi  t  y . 


£if  . 
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(3) 


where  and  i  ^  are  the  isothermal  and 
Iscntroplr  compressibilities  respectively  and 
and  c,  are  'he  heal  capacities  at  constant 
pressure  and  constajit  volume  respectively. 

The  specilic  heat  at  constant  pressure  Is 
a  slowly  varying  parameter  In  solids  and  (or 
these  pur)>OHes  ran  be  taken  as  constant.  The 
value  of  the  specific  heal  id  cunsianl  volume  Is 
approx'niuicd  by  use  of  the  NernKt-Ltndei..aiut 
Equation: 


(leg 


arid  the  other  fuciois  ■  ‘  c  at  previously 
defined, 

Upet  substitution  of  appropriate  values 
into  Eqs.  (3)  and  (4),  it  is  tound  that  the  iso¬ 
thermal  compressibility  is  about  5  percent 
greater  tha."  the  isentrOfiic  compressibility. 
The  curve  of  the  isentropic  equation  of  state 
then  lies  somewhat  >.o  the  right  of  the  isother¬ 
mal  curve  in  i^ig.  2.  Pc'  ause  this  riisp.ace- 
nii'iit  of  the  iscniiopic  cu'  v.  'vould  lie  only 
slight  and  because  the  deerep  oi  experimental 
a<  ‘  uracy,  together  with  the  validity  of  the 
assumption  maae  witii  .cgaid  to  the  irrevers¬ 
ible  coinpressiiifity,  maj  iK.  jiiyt  o!  this  order 
of  iiiaisniturtp.  iJie  idotted  isothermal  curve  is 
trJicn  to  represeni  thu  isciilropic  curve  also. 

From,  the  thermodynamic  conservation  of 
energy  the  char.4>;  in  internal  energy  caused  by 
a  shock  of  'peak  pressure  P  is 


P.  *P- 


■VI 


(5) 


where  E„,  P„,  V„  are  the  ambient  internal 
energy,  pressure  and  specific  volume  respec¬ 
tively  of  the  material,  v  is  the  specific  vol¬ 
ume  at  the  shock  front.  The  energy  change 

tpq  jirpd  to  attain  the  .sanip  final  volume  V  by 
an  isentropic  compression  can  be  lour.d  (lom 


P.  -  E.  --  hE. 


(8) 


where  E, 
entropy. 


Is  the  lotenial  energy  at  constant 


T.hc  difference  between  the  shock  a.id 
Isentropic  internal  er.vigles  at  constant 
volume  IS  the  thermal  energy  caused  ly  the 
shock,  i.e,, 


p  1  p_ 


A  C. 


(•i; 


AE,  -  AE 


(V,.  -V) 


-  /-p.hv. 


(7) 


BO 


For  any  procesii  at  constant  volume,  the 
change  in  energy  may  be  writter  xs  lE  =  c,.n: 
writing  <11  =  (fT  oP)„  dp,  the  Uicr.;  -  J  -nergy  s 


Because  C,  and  (Sr  ap),  are  siowly  varying, 
they  are  taken  as  essen:>aily  consiaut.  B- 
combination  of  Eqs.  (7)  and  (6),  there  is 
Obtamed  Eq.  (9). 


tv„-V) 


i“p. 


dV 


(9) 
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With  some  algebraic  manipulation,  and  without 
lurther  approximations,  Et;.  (9)  is  readily 
transformed  into  the  follo-v.ug  explicii  solu¬ 
tion  lor  p,  -  p, ,  given  in  terms  of  P,  rather 
han  P,  and  P,  as  in  Eq.  (9): 


The  relationship  between  the  shock  peak 
preorTe  and  '.'olume,  which  ‘c  teadity  found 
from  fl")  becomes 


tr 


.  p  (in 
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'''he  'it-druine-HugoPuiC''  equation  of  state 
as  determined  from  Eq.  (It)  is  shown  In  fig. 

X.  An  adtabetlr  expansion  from  any  point  on 
the  RsnVinc-Hugoniut  curve  would  end  to  the 
rtght  of  P, ,  v,.  This  increment  of  volume 
would  be  very  enuM  however  because  of  the 
small  efiect  of  temperature  on  the  expansion 
(■!  the  eiiiea.  The  adtabsttc  erpansloo  curve 
Is  nearly  coincident  with  Ui«  Ranktiie-Hugci.lct. 

The  Itanfclne-Hugonlut  .\|uatton  of  state 
may  be  expressed  In  a  fnrri  similar  to  Eq,  (1), 
Howrver,  a  third  term,  a  cubic  to  take  into 
r.r>  nil  additional  >iiai>:.es  In  then  <al  I'xpan- 
kion  and  rbripresslnllii  y  inrurred  by  the  siioi  k 
proce  IS,  may  I*  requiri-d  »»  obtain  a  closer  (il 
to  llie  itaiikine-Hugonlot  <  irvc  than  >■<  -  issiblo 
with  Eq.  (1). 


The  Uanki'e-Hugoniut  curve  may  also  lie 
lilted  with  Sq.  (12)  [12i 


C,  -  sc.iic  velocity 
.-o  -  ambier/  -’cnslty. 

The  impor'ant  tact  to  observe  is  that  tiic 
constants  in  eil.icr  ai'  equation  of  the  form  of 
Eq.  (1)  or  c.o.  fl'’)  ••  JSt  be  deteimbied  by 
curve  fitting  of  a  predetermc-  j  Rankine  ■ 
Hugoniol  at  prc^ir.f  .  On  the  basis  of  expe¬ 
rience  with  seveiu:  solids,  the  constants  in 
the  equations  may  be  estnnaced  to  provide 
•“oughly  app’o’  'mate  equations  of  state  of 
similar  solids. 


Waste  Heat  and  Thermal  Enu.-gy 

A  mathematical  expression  for  the 
Rankine-Hugonlot  equation  of  state,  though 
convenient  to  have,  Is  not  essential  for  the 
prediction  of  the  shock-wave  propagation  in  a 
•olid:  a  curve  showing  the  pressure- vol  ime 
relations  from  the  shock  compression  is  suf¬ 
ficient.  Tiie  data  required  for  integrating  the 
blast  wave  to  obtain  the  pressure-distance 
relation  for  the  shock  front  are  readily 
obtained  from  Uie  graph  by  graphical  Integra¬ 
tion  [12|. 


Ttic  I  'pldbiiAt  ciici'i,,  i.s  iii.ssl(Mt''d  Hi  Uii' 

shock  wave  propagation  as  "waste  heat." 

Waste  heat  Is  the  residual  energy  per  unit 
mass  remaining  In  the  shocked  material  after 
the  material  has  expanded  adlabaticalty  to  tis 
Initial  pressure.  The  waste  heat  Is  obtained 
from  the  graph  of  the  Rynkine-Hugnnlot  curve. 
It  Is  Illustrated  as  follows: 

The  energies  per  unit  mass  that  generated 
by  a  shock  V  c'c  are; 

Total  energy  tiehlnd  the  Si.ock  Iron:; 


Kinetic  energy: 


fP-P,) 

2 


(M) 


Internal  energy: 


<v  -V)  . 


The  energies  are  identitiecl  graphically  on 
Fig,  3.  The  total  energy  is  the  rectangle  with 
the  altitude  P  and  base  (V^  -  V).  The  kinetic 
energy  is  the  upper  right  triangle.  It  follows 
that  the  internal  energy  ad'<ed  to  the  material 
by  the  unock  is  *he  trapezoid  beneath  the  line 
between  P  and  P„. 


CUBVc  OF  BANK  inf.lHIGONIOT 
EOUATION  OF  STATE 


KINETIC  ENERGY 


proportional  to  the  entropy  change  that  occurs 
during  the  shocking  process.  Because  the 
material  expai  .s  along  the  Kankine-Hugoniot 
rather  than  along  the  isentrope,  it  can  be  seen 
in  Fig.  2  that  the  waste  heat  is  less  than  the 
thermal  energy  change  from  the  isentropic  to 
the  shock  process.  It  follows  that  the 
increased  entropy  goes  partially  into  waste 
heat,  and  the  remainder  into  the  hydrodynamic 
ciu-  gy.  The  hydrodynamic  energy  added  by 
the  ch..nge  of  entropy  corresponds  to  the 
graphical  area  bounded  by  the  Rankine- 
Hugoniot,  the  Isentrope,  ar.d  the  ordinate  of  the 
compressed  volume. 


Porous  Media— Aggregate 

A  porous  specimen  of  a  solid,  or  as 
defined  above,  an  aggregate,  involves  a 
greater  increase  in  entropy  than  the  r  did 
alone.  Because  of  the  greater  entropy  change 
ul  U.C  si.uckod  aggregate,  a  liighcr  pressure 
is  required  to  compress  tiie  aggeegale  than 
>  solid  alone  to  a  gi'’2n  volume;  also,  a 
greater  waste  heat  is  obtained  in  the  aggre- 
g.'ite.  An  empirical  equation  of  state  based  on 
that  of  the  solid  can  be  derived  for  the  aggre¬ 
gate. 


t.AASTE  heat 


SPEC  IF  1C  VOEUKE 

fig.  J  -  Enf.gy  rclulionii  on  the  gr.Tph 
of  the  equation  of  state 


For  practical  purposes,  solids  expand 
adlabatlcally  along  the  Ranklne-Hugoniot 
curve  to  the  original  pressure  P,  and  volume 
V„ .  The  area  under  the  expansion  curve  is 
available  energy.  The  difference  between  the 
total  infernal  energy  and  available  energy 
must  be  the  waste  heat,  which  is  tfie  lens- 
shaped  area  between  the  diagonal  and  the 
Rankme-Hugoniot  curve. 

The  difference  in  internal  energies, 

Eq*  generated  by  a  shock,  and  an 
isentropic  compres.sion  is  the  thermal  energy 
caused  by  the  shock.  This  thermal  energy  is 


The  Ranklne-Hugoniot  curve  derived  for 
a  dry  aggregate  of  silica  glass  and  air  is 
shav.n:  in  Fig.  4.  The  aggregate  is  of  spherical 
silica  glass  grains  ranging  in  size  between  20 
and  30  sieve.  The  density  is  the  maximum 
that  could  be  packed  by  vibration:  1.53 
gms/cm^  or  69-percent  silica  -  31-percent 
air.  The  crushing  pressure  of  the  aggregate 
is  assumed  to  be  approximately  one  kilobar. 
Because  ol  the  pressure  scale  ol  the  graph  the 
transition  region  appears  as  the  base  of 
pressure-volume  curve.  The  waste  heat  cor¬ 
responding  to  a  pressure  of  100  kilotiars  is 
shown  as  the  cross-hatched  area. 

Figure  5  illustrates  the  Rankine- 
Hugoniots  for  the  aggregate  and  the  solid 
silica-glass  taken  from  Fig.  2.  The  scale 
of  the  ordinate  Is  enlarged  below  one  kilobar 
In  order  to  bettci  show  the  transition  region. 

It  is  readily  apparent  thr*  the  waste  heat  for 
tiie  at'gregate  is  considerably  greater  than  for 
the  silica  glass.  Tii«.  .;reater  waste  heat  of 
ptT7<.s  media  accounts  for  the  gcuaic  uhock 
attenuation  In  them. 


TEMPERATURE  RISE 

The  temperature  of  a  solid  caused  by  an 
isentropic  compression  la  found  from  the 
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Ktg.  4  •  Ronkinr-IIugoniot  curve  aad 
waste  heat  area  •  aggregate 


following  equation,  derived  from  the  first  T  dS 
equatluii  ui  thprmodynaralca  ^IS) 


T.  *  T.  . 


(J5) 


whore 

T,  a  laentroptc  temperature 
T,  ■  ambient  temperature 
/)  •  volume  oxpanatvlty 

B,  “  laoUiermal  bulk  modul'ue. 

The  other  quantities  are  asdeiincdprevicusiy. 


The  equilibrium  temperature  r,  of  the 
aggregate  is  found  from  the  following  heat 
balance  equation. 


T.  T, 


0. 

(«,  +  ■,)  Cp 


(16) 


where  Q,  is  the  heat  in  u.s  di-  ana  Q.  the  heat 
in  Uie  solid.  Tl<e  spvcifif  h  -  it  is  practi¬ 
cally  tlie  same  for  ouch  th?' .  r  and  the  solid 
at  and  below  the  equllib'-i.:."'  i^mpcr-.L-re  [14]. 
The  mass  of  t^ie  solid  iu  m,;  "'.at  of  air  m^. 

T  'j  waste  heat  u  designated  by  QCP) . 


U3 


<}.  ♦  9,  =  «P;  • 


r>  -  Rankine-Ilugor.iot  iMiuation 
of  state  '  solid  and  aggregate 


'Htff  waste  Iteat  ik  lound  by  grapiucal  Integta- 
tloii  of  the  Rankine-Hugonlot  as  indicated  on 
Fig.  4. 

The  temperatures  found  by  Eqs.  (15)  and 
(16)  nr“  graphed  on  the  pres8ure>temperaturc 
curves  bi  Fig.  6. 


TRANSITION  REGION 

The  transition  region  in  which  the  shock 
changes  to  a  wea.'  nhork  which  propagates  as 
an  elastic  wave  is  not  especially  dlsttncf  or  a 


malleable  isotropic  solid  with  negligible  air 
content.  In  such  a  materia!  the  shockweaicens 
from  a  strong  shock  With  decreasing  deforma¬ 
tion  of  the  solid  until  at  lower  pressures  it 
gradually  changes  into  a  sonic  wave. 

In  a  pordo  ucl'.d  or  aggreg':‘e  -  ‘th  an 
appreciable  air  content,  the  aiiock  pr'‘pagatiori 
changes  considerably  in  liv  tiansin."  from  a 
strong  shock  to  an  "eladtic  '  wave.  .  ^eak 
shock  pressures  which  iire  gres'.er  ;..''n  the 
crushing  s'  'cngth  of  th  Mfrprregate,  !•••  shock 
propagatio.1  Is  designated  as  hydrodynamic. 
Near  the  upper  limit  of  the  crushing  strength 
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r>n.  6  -  Psirperature  at  the  Bhoric  front 


there  is  a  transitloo  In  the  shock  from  hydro- 
(lyuairac  beliaviot-  to  that  at  propagation  such 
that  (or  earli  shock  peak  pressure  there  is  an 
invariant  reduced  volume.  Further  decay  of 
the  peak  overpressure  by  attenuation  of  energy 
by  **'ermal  and  work  losses  causes  another 
trar.oi  'nn  wherein  the  material  changes  to 
plastic  behavior.  Continued  energy  losses 
retiuce  the  shock  to  a  seismic  pulse.  Figure  7 
Illustrates  the  transitions.  The  upper  crush¬ 
ing  limit  is  designated  by  P,„;  the  lower  P^. 
The  vertical  lines  show  that  the  crushed 
aggregate  remains  at  essentially  the  volume 
to  which  it  is  reduced  by  P,.. 

Some  rocks  wlUi  few  pore  spaces,  such  as 
sandstone,  may  have  pv  curves  In  the  transi¬ 
tion  region  such  as  shown  by  the  "step”  in 
Fig.  7.  This  type  of  material  has  a  narrow 
crushing  pressure  range,  if  any  range  at  all, 
at  which  it  crushes  down  to  during  the  hydro- 
dynamic  phasa,  but  below  which  P  compresses 
elasto-viscously  and  finally  elaattcaily. 

For  a  porous  medium,  such  as  the  aggre¬ 
gate,  the  smalt  fraction  of  bomb  energy  (loss 
than  3  percent)  ttat  remains  in  the  shock  wave 
by  the  time  P,„  la  rewched  is  largely  dissi¬ 
pated  in  crushing  Uis  solid  fraction.  Ths 
utiock  overpressure  decreases  because  of  the 
cniifhing  work  losses  and  divergtncs. 


For  the  dense  rock,  there  is  a  relatively 
small  decrease  fiuui  shock  energy  at  P^^. 
The  pressure  decay  in  a  denae  rock  is 
P  I/k^  whereas  in  the  aggregate  it  is 
P  l/t* .  The  result  Is  a  strong  seismic 
pulse  at  pretBurea  somewhat  below  the 
crushing  limit  of  the  rock. 


EXPEWMKNTATION-LABORATORY 
AND  FIELD 

Laboratory-scale  experiments  utilizing 
high  explosives  to  generate  strong  shocks  in 
metals  have  been  in  use  for  seveial  years 
[15),  however,  special  provisions  are  required 
to  apply  one  of  those  metiiods  to  soils. 

Because  of  the  low-tensile  strength  and  brit¬ 
tleness  of  dense  rocks  and  the  porosity, 
looseness,  sad  melting  upon  rarefying  of 
aggregates,  the  free- surface  or  spllttlng-off 
method  is  not  auttablo,  but  the  impedance  or 
deceleration  nr'tliod  is  applicable  to  those 
materlala. 

A  scbematic  arrangumc  it  fur  the  Imped¬ 
ance  me'lMd  Is  anown  in  '?"■  r  A.  As  shown, 
with  the  aluminum  oasc  ni  "  th?  method  is 
is.  presaurer  .0  the  hua.'ii  of  ki>’.jua.'s 
range.  For  iower  iiressuree  especially  below 
tl  complete-c.-uahlng  prestares,  a  material 
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Ig.  0  •  ^ch«m4tir  arrangement 
(or  the  impedance  method 


must  be  found  for  the  base  piat:3  which 
behaves  hydrodynamically,  yet  will  not  melt 
upon  rarefying. 

Aluminum  is  used  in  t.hc  base  plates 
because  its  equation  of  state  and  pressure* 
material  velocity  curves  are  well  deter¬ 
mined  [1,15].  There  must  be  simlLir  data  for 
any  other  material  that  is  used  for  baseplates 
in  this  experime.ht. 

.Although  a  porous  specimen  is  Designated 
in  Fig.  8,  th'«  arraixrement  is  eqi-eUy  appli¬ 
cable  to  dense  rocks.  The  upper  base  plate  is 
used  to  contain  the  specimen  and  permit  a 
means  of  determining  the  velocities  at  the 
upper  interface.  It  is  mandatory  that  the 
thickness  of  the  case  plates  and  the  specimen 
be  so  chosen  tliat  a  rarefaction  wave  will  not 
propagate  from  the  lower  surface  of  the  bot¬ 
tom  base  plate  and  Interfere  with  the  proper 
measurement  of  the  shock  velocity  at  the  tup 
surface  of  the  u'  .>er  plate. 

With  the  equation  of  state  of  the  base¬ 
plate  I'jiown,  it  is  necessary  onl}*  to  measure 
the  times,  d' stances  of  travel  and  the  shock 
wave  veluciiiee  at  the  top  surfaces  of  both 
base  plates  to  acquire  sufficient  data  to 
deteriiiinc  the  pressure-density  relations  in 
ilie  specimen. 

When  (fj,  01  base  piste]  >  [(/),  U) 
spei  imen],  a  rarcfactinn  wJl  propagate  back¬ 
ward  1.  ‘o  *iie  lower  base  piste.  A  shock  is 
cransmittv-d  iium  the  anocked  specimen  into 
the  upper  bsae  plate.  Wttli  [{/',  ti)  specimen) 
<  [fp,  U)  bsse  plate],  a  shock  is  reflected 
from  the  upper  uase  plate. 

In  Fig.  9,  Curve  is  s  st-t  of  pressure- 
material  veltH.'ity  stales  (or  aluminum.  Curve 
r  U  a  cumplete  set  of  pressure-material 
velocity  stales  fo"  reflected  rarefactions  and 
shocks  specified  by  Point  I  from  (ie«-sur(ace 
velocity  measurements.  In  Fig.  8,  the  part  of 
Curve  '/  nr'ow  Point  I  corresponds  to  the 
lower  base  plau-  and  a  porous  sptcimeo;  ths 
part  of  Curve  2  above  that  point  corresponds 
to  the  lower  base  plate  and  a  dense  rock. 

Shock  iiressure-density  relations  for  the 
specimens  Is  dstermln^  by  using  ths  bass 
plate  equation  of  sta*''  meiisured  shock 
veiririii,.s  and  the  conservation  u<{uattons  (or 
momentum  and  mass,  Eqs.  (18)  and  (19), 
respectively. 


RfFLECTED  SHOCK 
11  ALU’tl  Ul 


-RARE. ACT  10-  IN 
Atum.iui. 


/  \ 


-..-ilRiAl  VEL'-CIfV 

Fig.  9-  Typical  graphical  solution  on  24  ST 
aluminum  proaure  vs  material  velocity 


Another  espei-iuMiiital  method  (or  the 
transition  region  is  that  of  a  ram  impacting 
upon  a  qieclmen  to  measure  the  crushing 
characteristics  of  the  specimen.  In  this 
method  the  impulse  o(  the  ram  and  corre¬ 
sponding  votumetrlc  change  of  the  q>ecimen 
are  observed.  From  these  data  approximate 
dynamic  pressure-density  data  are  deter¬ 
mined  (Or  the  specimen. 

An  ei^rlmentel  arrangement  to  measure 
the  msteris!  and  shock  velocities  of  the  spec- 
t.nen  and  the  impulse  ot  the  ram  should 
Incorporste  high-speed  cameras  and  Instru  - 
msntstton  similar  to  that  aasoclsted  with  the 
upper  plats  ot  tbs  impedancs  method  (Fig.  8). 

Fiiture  lleU.  isats  with  nuclear  exploaions 
should  Inclnds  instrumsntsUon  to  study  the 
traasition  I'egum.  Iiistru'nentatinn,  mich  as 
accsleromstsrs  ai<d  pressure  gages,  i.noulcl 
placed  bsbrs,  la,  and  alter  m:  predicted 
trsnslUon  rtfion  to  acquin-  * .. 


SUV  (MARY 


Equations  ct  stats  can  os  approalmatad 
from  static  Isathsmul  compressibility  data 
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foi  solids  and  aggregates.  More  accurate 
equations  of  state  may  be  obtained  from  liie 
experimental  methods  which  are  lien,  rlb^d 
above.  To  be  complete,  equations  of  state 
must  include  the  transition  region.  Quantita¬ 
tive  solutions  of  the  transition  region  depend 
on  experimental  data.  The  transition  region 
is  oi  particular  interest  with  regard  to  soil 
motion  at  a  distance  from  the  source  of  the 
explosion. 

It  has  been  shown  that  the  "waste  heat 
concept"  is  more  than  just  a  graphical  coinci¬ 
dence;  that  it  is,  in  fact  derivable  from 


thermodynamic  principl 's.  This  concept  is 
the  basis  of  the  bias!  wave  integratloi),  a 
powerful  tool  i:  eho  k  wave  propagation 
analyses. 

The  tem;ierature  ri.se  of  the  solid,  though 
relatively  low,  does  get  up  to  annealing 
intensity.  The  icnipcraiure  of  the  aggregate 
is  well  into  the  annealing  range.  The  tem- 
;  urr  may  be  useful  n.  demolitions  explo¬ 
sions  I..  ar  underground  petroleum  storage 
taiiks  because  ignition  of  the  fuel  provides 
additional  explosive  energy. 
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COMMENTS  OF  THE  CHAIRMAN  •  SESSION  B 


(FREE-FIELD  PHENOMENA) 


II.  L.  Brode 
I  he  HAND  Corporation 


Having  failed  to  exerciec  a  chairman's 
privilege  to  comiaent  at  the  end  ot  the  session, 
I  do  not  intend  to  abuse  the  practice  here  with 
a  len,>thy  critique  of  the  papers  presented.  1 
should  like,  rather,  to  comment  on  some  gen¬ 
eral  trends  characterized  by  the  work  reported 
ill  this  scs-'ion  on  free-field  phenonu-na,  and 
then  to  reach  beyond  the  speakers  to  urge  the 
attendees  toward  mn,-e  impressive  accom- 
plishmenth  in  this  reeearch.  Because  of  my 
further  involvement  in  the  progranr.  as  a  co¬ 
author  of  the  first  paper,  I  will  leave  it  to  the 
observer  lo  evaluate  for  himself  the  merits  of 
each  paper  (a  not  tuu  difficult  task  for  those 
who  scayeo  awake).  Let  me.  Instead,  make 
tv'o  incontroversial  (if  trite)  statements  which 
may  suffice  to  epitonilze  the  papers  uot  only 
of  tt<*s  session  twt  of  all  the  protective  con- 
strv  t  on  reset. ms:  (1)  it  is  clear  that  a  great 
deal  of  effort  is  going  irdo  the  various  aspects 
of  protective  construction  research.  (3)  B  is 
also  obvious  that  there  are  plenty  ot  problems 
leA. 

Although  the  level  of  effort  Is  Impressive, 
and  no  one  could  Justifiably  claim  lhah  the  sub¬ 
ject  lacked  sponsorship,  and  although  tlwrc 
may  exist  more  government  contracts  con- 
cemsd  with  ground-shock  effects  than  have 
been  written  for  any  other  nuclear  weapon  ef¬ 
fect,  there  is  evidence  that  the  effort  has  not 
been  as  fruitful  as  hoped.  I  do  not  reeubecrlbc 
each  year  to  the  tenet  that  we  don't  kaow  any- 
thihg  about  the  eubject  (and  ao  must  have  a 
hug*  program  Inltiatod  immediately),  but  I  do 
rectvuze  a  number  of  burning  question#, 
three,  lour,  and  e-en  five  years  old.  that  ap¬ 
parently  liave  a  good  fusi  wipply,  because  they 
are  still  burning. 

Soms  of  us  ars  still  waiting  to  be  told 
what  the  important  differences  in  dynamic 
response  of  hard  rock  and  aoil  are.  We  are 
still  walling  for  some  measure  of  tl  o  appli¬ 
cability  ot  elasticity  thetry  to  .h*  response  of 


natural  media,  tve  are  still  wondering  about, 
the  stress  field  directly  below  a  cratering  ex¬ 
plosion,  and  elsewhere  at  great  depth.  We  ere 
still  at  cxlds  about  the  significance  of  plasticity 
and  strain-rale  effects  at  intense  stress  levels. 
We  are  still  concerned  abouv  Jie  influence  of 
phase  changes  usi  of  other  more  subtle  solid 
state  changes  on  shoew  wave  propagation  In 
solids.  We  »re  still  unable  to  predict  with 
useful  definiiKcnes*  the  size  and  depth  cf 
craters  from  luullliuegaioii  explosions  in  any 
medium  except  water -washed  coral  sand.  I 
have  heard  it  proposed  that  hard  rock  over 
Moii  rock  was  the  best  configuration  above  a 
deep  installation— that  soft  rock  over  hard  was 
good,  that  layered  media  of  any  sort  was  help¬ 
ful,  that  hamaganeous  materiel  to  great  depth 
was  safest— all  ndvoc^ited,  some  supported, 
none  proven.  How  directly  is  the  current  work 
aimed  a  aaswering  such  questions? 

The  uallkelUiood  ot  full-scale  experimen¬ 
tal  explosions  in  dry  soil  or  rock  media  will 
force  us  to  depend  for  many  years  on  the  lab¬ 
oratory  experiments  and  Uie  theoretical  de¬ 
velopments  typified  by  the  papers  oi  this  ses¬ 
sion.  But  I  can  foresee  two  immediate  dangers 
involved  in  this  indirect  approach.  Without 
occasional  checks  on  lab  work  and  on  theory 
through  teits  in  full  scale,  a  varisty  of  plau- 
eibJe  tut  divergant  concepts  can  arise  and  can 
persist  unresolved  is  an  atmosphere  of  rival¬ 
ries  born  of  cummitments  and  convtcttona 
which  in  tarn  are  often  gsnersted  more  from 
li'‘go  Inveatmsats  In  ssUbliahed  methodology 
and  apparatus  nthsr  than  from  genuine  diver¬ 
sity  and  ut'.fty  of  approach. 

A  second  danger  lies  In  *he  tendency  to¬ 
ward  emphastxine  ihc  proi^.>'iiis  which  can  be 
most  easily  hnrestigsM  ■«  '  less  tnd  less 
concern  for  fMir  relev'uii..,  M  a  nuclear  ex- 
p''>slon  In  an 'ural  envtrwc'unt.  Both  theory 
and  lab-wurk  lean  in  this  direction,  as  the 
months  since  the  last  atomic  tost  aorias 
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become  yearii  and  we  pound  our  Ottawa  sande 
and  flex  our  elastic  media  with  Lncreasl."; 
confidence.  The  central  problems  <nay  '.fuis 
remain  inviolate,  safely  preserved  tor  future 
programs,  as  so  often  is  the  case  with  "clas¬ 
sical"  fields— a  proces.s  of  osalficatioti  within 
the  dignity  of  scientific  manner. 

To  improve  the  understanding  and  the  va¬ 
lidity  of  prediction  of  free-field  {^enomoca 
most  exi^ltiously,  both  those  working  in  this 
subject  area  and  those  with  reimansibility  fur 
the  funding  and  direction  of  this  research  need 
periodically  to  evaluate  each  individual  effort 
in  the  light  of  some  well-defined  goals  and  to 
encourage  those  projects  which  bear  most  di¬ 
rectly  on  the  immediate  design  requiremenU. 
At  the  same  time,  we  must  ail  allow  (as  we 
surely  already  do)  that  such  concentration  on 
criteria  for  practical  protective  design  must 
not  preclude  or  seriously  posttxme  the  more 
lundamental  development  ui  kiwwledga  along 
canonical  linss  In  associated  fields  such  as 
soil  mechanics,  rlMjIogy,  grounrl  shock,  and 
selsua,  jgy.  However,  in  my  opinion,  this 
latter  requirement  is  gener^y  overstresssd. 
since  none  of  the  useful  programs  (existing  or 
propound)  to  Improve  prediction  of  ground- 
shock  phenomena  from  nuclear  explosions 
appears  to  be  i^cliic  enough  to  i^rfere  with 
or  be  in:ompaiilile  with  any  of  the  mors  gsn- 
ural  research. 

An  outstanding  deficisney  of  tbs  program, 
then,  lies  In  apparsot  lack  of  s(r../i4  over¬ 
all  supervision  ,  f  *hs  appUcatlons-orisnistI 
port  U  (he  wjrk.  Coordinstlan  between  vart- 
otui  theoretical  efforts  and  betwsea  thsory  and 
expeiiuient  does  not  seem  to  be  effsctlve.  As 
uxemplifted  by  the  presentstions  at  this  meet¬ 
ing,  where  Uisre  was  littli  or  no  effort  reported 
In  rompariscxis  of  eliher  methods  or  results, 
it  would  appear  (.vat  individuals  or  groupt,  are 
woraing  in  comparative  Isolation,  interrupted 
'>nly  by  an  occaskmai  symposium. 

If  this  sounds  I  Iks  a  condemnatlnn  of  the 
efforts  of  aucb  agesclee  aa  the  sp'-naor  of  this 
symposium  or  oi  the  Oeteaae  Atomic  Support 
Agency,  whose  responsSiiUtiea  include  coord¬ 
ination  or  supervision,  or  both,  of  much  of  this 
effort,  it  is  aot.  Most  of  Uw  direct  ipptled 
effort  is  generated  and  sponsored  by  a  military 


"uDlng"  service  (or  by  ’2A3A  m  rcqionse  to  m 
expressed  requireiuent  from  some  r^ervlce 
branch),  and  a  '  su.ii  is  ciirected  toward  some 
immediate  requirement  and  aimed  to  satisfy 
some  clearly  justifiable  need  for  design  cri¬ 
teria  associate  with  an  existing  or  developing 
weapon  system.  In  spite  of  the  short  range  and 
urgent  nature  of  these  aims,  such  contracting 
agencies  manage  to  encc  ur^e  a  fairly  broad 
and  bas't  program  of  research,  this  without 
aut  c-'  aerted  coordination  between  agencies 
and  with  no  strong  guidance  or  monetary  spon¬ 
sorship  beyond  the  purview  of  their  designated 
missions. 

Control  or  supervision  of  research  is 
aiwayi'  a  sensitive  subjer*  loaded  with  philo¬ 
sophical  and  ethical  implications  as  well  as 
queMioos  about  ultimate  efficiency;  and  I  do 
not  suggest  that  the  "general  and  basic"  re¬ 
search  be  subjected  to  any  control  other  than 
that  of  the  Interest  and  time  require,  uts  on 
Uie  individual  researchers  or  groups  involved. 
I  do  wish  to  pleml  for  the  ■;  stabltshment  of 
more  forceful  and  pragmatic  direction  of  that 
( i.ort  aimed  at  evtabl.  uung  better  design  cri¬ 
teria  for  hardened  in.stallati^s,  and  primarily 
uaing  defense  department  or  service  funds. 
Much  of  the  work  m  this  category  is  both  large 
scale  (and  expensive)  and  of  long  duration,  and 
we  can  ill  afford  to  shrug  It  off  as  a  necessary 
expense  ia  the  reeearch  surrounding  new 
weepone  systems— if,  indeed,  it  cannot  con¬ 
tribute  directly  and  decisively  to  their  deeign. 

Specifically,  then,  I  would  urge  that  either 
more  and  broack^r  authority  and  support  be 
given  to  the  existing  Defense  Atomic  Support 
Agency  or,  if  that  role  is  unalterable,  that 
aome  adviaory  group  be  establiehed  to  period¬ 
ically  review  and  recommend— to  occasionally 
get  out  and  help  our  underground  trolley  back 
on  the  track. 

Where  the  broad  and  basic  efforts  may 
never  suffer  irom  overdiverslficailoo  and  ths 
inefficiency  of  Isleurely  rnsrching  fc.'  rc- 
sssreh,  the  critical  decisions  in  design  crl- 
torla  for  our  weeprst  ayMems  may  well  be 
quite  urgent  and  our  shcltev  programs  may  be 
seriously  lagginir.  The  conaequsixes  of  this 
applied  effort  may  be  llfeseving  or  cafactys- 
mtu,  and  the  day  of  their  ceeting  may  be  closer 
than  n.oet  of  us  care  to  consider. 


Section  2 

INTERACTION  OF  SOIL£  WITH  STRUCTURES 


CHAIRMAN'S  INtRODUCTORY  REMARKS  >  SESSION  D 


G.  A.  Young 

Air  Korce  S;>e€iAl  Weapon* Center 


As  aa  Inlroductiao  to  this  mornlnr’s  sea- 
sioo,  I  wou'd  like  to  take  a  few  minutes,  for 
the  iMnefit  of  the  uninitiated,  to  define  our 
overall  problem,  and  then  take  a  few  additk  .lal 
minuses  to  indicate  the  specific  area  at  the 
overall  problem  with  which  we  ahail  be  con¬ 
cern^  this  morning. 

The  primary  function  of  a  protective 
structure  is  to  provide  aa  environment  in 
which  weapons  and  equlpmeot,  and  in  maay 
cases  persoiiael,  can  survive  the  effects  of 
micl*ar  weapons.  Survival  in  this  cast  ladl* 
cau .  ',^at  theae  respective  Items  shall  be  able 
to  perfomi  their  sseigned  functions  during,  or 
shortly  aAer,  bslng  subjected  to  an  enemy  nu> 
clear  attack.  Please  note  that  ths  sessions  of 
the  SMh  Symposium  dealing  with  pioteetlve 
structures  are  concerned  with  only  one  aspect 
of  nuclear  weapons  effecta,  i  e.,  with  the  phe* 
nomena  of  shock  and  its  asaoctated  effects 
upon  protective  structures  and  upon  the  con- 
teiws  of  protective  iVTUctarcs.  This,  then.  Is 
our  overall  problem. 

Todsv  we  are  greatly  eoneemeJ  with  high 
levels  protecUen.  Tlmt  Is,  we  desire  to 
provtde  etrwetares  wtdeh  are  capeble  of  pro- 
tecUng  their  contete  from  the  ''c>3ee>la"  ef¬ 
fects  of  BMclenr  weapons,  proteettvw  atrue- 
turee  are  betog  placed  underground  in  nearly 
all  caacs.  Hence,  we  ere  confronted  with  a 
complex  problem  of  dealgs,  and  f  might  add 
wlthots  esaggeratlon,  we  aie  also  confronted 
with  a  comples  prablem  of  research.  The  de- 
aisfl  problem  requires  a  knowledge  of  the 
overall  soli  motion  resulting  from  n'r  blast 
and  iothar  forme  of  energy  released  by  the 
detoMtUon  of  a  nuclear  tie  vice.  Thta  urea  of 
the  o/erall  prbblrm,  the  free-ftrld  ground 


motions,  was  the  subject  of  diacussion  in 
Session  B,  yesicr^lsy  afternoon. 

In  order  o  properly  design  our  protective 
structures,  and  to  '.^ock  isolate  the  contents 
of  such  structures,  we  require  a  knowlaug.  of 
the  preaauras  and  motions  transmlttad  from 
the  ground  to  the  structure,  and  of  tbs  motions 
tranamittad  through  tlte  structure  to  the  shock 
laolstion  systems  or  to  ■■nlf'l***^  aquipment. 
Thtae  problsma,  the  design  of  the  structure 
and  of  riioek  isolating  aquipment  are  Um  sub- 
Jaets  of  Staaion  F  this  sllemoan  and  Session  H 
tomorrow.  Ths  problem  of  obtaining  the  pres¬ 
sures  sad  motions  transmitted  to  the  structure 
for  use  la  destga  repreeents  tlie  area  for  our 
discuasioa  ttls  morning.  'Ve  lefc:  In  thla 
area  as  tlw  aoU-atrueture  Interacticn  prob¬ 
lem.  We  dmuld  recognise  that  tho  word  "soil" 
Is  probably  sot  ths  beat  descriptive  word  In 
this  case,  since  we  are  conc.-^rnad  with  the  in¬ 
teraction  of  underground  strocturca  with  a 
wide  variety  of  aoU  and  rock  media. 

ui  mafelag  in  analytical  approach  to  the 
■oti-atiucture  Waractlon  problem,  we  are 
currently  Inrllaed  to  rely  heavily  upon  ap¬ 
proaches  which  assume  the  earth's  media  to 
be  Meally  elaatle.  There  are  tm  reanone  for 
thU  appracb.  First,  in  some  eases,  such  as 
in  rock  or  desp  undsrgprousd  In  soils,  the  be¬ 
havior  uf  tie  saith  media  may  be  naarly  eUs- 
ttc  U  the  nsMputude  of  tn«  pr  seure  w->vea 
under  cunslderatiou  are  ivw  :  ccassiva.  How¬ 
ever,  t  am  sure  tiuu  each  ,ii. '  near  present 
who  has  esrobiUy  rtudle.:  i  .  s  prop*'. i.. s, 
and  the  behart>Tof  rock  dun:  conalru*  iitn 
or  rations.  wUt  uut  feel  conuartable  if  we  ru  - 
far  to  rock  aa  s  faomogansous,  isotroplu,  elae- 
ttc  material.  The  aecond  res>Qa  for  utUiaing 
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an  elastic  approach  is  perhaps  o(  greater  con¬ 
cern.  To  'assume  the  earth  media  to  bv.  any¬ 
thing  other  than  elastic  in  an  interaction  study, 
complicates  the  problem  to  the  extent  tiiat 
based  upon  our  present  accomplishments,  we 
have  no  analytical  solutions.  Thus,  our  de¬ 
signs  in  the  immediate  future  oust  utilize  the 
results  of  solutions  based  upon  clastic  assump¬ 
tions  as  well  as  a  liberal  dose  of  intuition  and 
good  Judgement  on  the  part  of  the  designer, 
partic'Jarly  when  the  earth  media  under  con- 
sideraticn  io  oecidedly  nonelastic  in  beha.i^r. 
However,  this  requirement  for  the  use  of  in- 
luitiun  ana  good  Judgement  on  the  part  of  tne 
designer,  is  not  a  new  requirement  for  exper¬ 
ienced  engineers. 


We  are  extrev.piy  fortunate  this  mor.iing 
fu  have  a  coitrction  of  papers  vhicn  treats 
with  both  the  cal  and  nor.ideal  aspects  oi  our 
problem.  We  have,  for  example,  two  excellent 
papers  by  Dr.  Baron  and  Mr.  Wiedermann 
which  consider  the  elastic  properties  of  earth 
media.  We  also  have  papers  by  Drs.  Sisson 
and  Grine  which  contribute  greatly  to  our  dis¬ 
cussion  by  introducing  the  non-eJastic  proper- 
t'.i  ',  of  oil  and  seme  of  the  energy  absorption 
char....teristiC8  of  rock.  In  addition,  we  have 
iome  of  the  very  practical  aspects  of  the  prob¬ 
lem  presented  in  a  paper  by  Tom  Morrison. 
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PRESENT  ROLE  OF  SOIL  DYNAMICS  IN  THE  DESIGN 
OF  UNDERGROUND  PROTECTIVE  STRUCTURES 


C.  N.  51  ..ton 
AFSWC 

Kirtland  AFB,  N»w  Mexico 


Some  leoccte  of  the  etore  of  knowledge  evaileUe  to  the  deeigncr  of  un- 
d'- ground  protective  etructuree  are  eurveyed.  Particular  attention  ta 
directed  to  the  role  of  eoU  mechaaice  and  to  the  co^tdence  which  a  de- 
eigner  may  place  in  currant  theoriee  and  empirical  method*. 


INTRODLCTION 

Uottoni  mllltAry  t^airwiDMiU  tlcmaa 
Urga  ubdargrouad  •inicture*  to  rwsial  high 
OTdtprdMUfwa  ranuittag  from  nucUar  blaats. 
This  damaad  pUc«a  a  chaUangiag  burtlta  Mpua 
firms  ir.gagad  to  dasign  om  at  thsaa  atnic- 
turaa.  Not  only  is  tha  structure  expoctnd  to 
retala  its  integrity  over  parloda  maaaurad  la 
ysiu-a,  but  for  at  laaat  taw  brief  apecUeular 
toterval  which  may  last  3iily  one  aecoad.  It 
mi  -t  sumtra  tha  vtoleef  uwtioaa  raauttli« 
from  blast.  Therefore,  tha  deslgaer  asks: 

1.  What  Bormal  or  coaeentioaal  problems 
must  be  coaaidsred  In  the  design  of- the  atroc* 
turw  f 

2.  How  doe*  the  earth  medium  behave 
when  stSiiected  to  the  ahj^.k  effects  of  a  nu¬ 
clear  weapon? 

S.  What  forces  aad  mottoae  does  a  etruc- 
ture,  br*ried  la  aa  earth  medium,  experteace 
wbea  the  earth  mediuic  is  eubfertad  to  the 
ahoca  affacU  of  a  aaciear  weapaa? 

Before  the  deaigBsr  la  flaiahad,  ha  will 
aA  maay  oMce  eery  taaportaat  guaatkwa. 

Blaca  (ha  primary  purpose  of  tha  structure  la 
to  pnotact  the  coataols,  he  will  aak  how  the 
eontaiaa  ra^Kmd  to  tha  motloaa  of  tha  struc¬ 
ture.  Ha  will  also  study  all  the  problems 
aaaoelatad  with  quickly  '^uttoalog"  up  the 
Inaiallaikm  whaa  aa  attack  comas,  aud  of  op¬ 
erating  during  the  bultoaad-up  perhid.  How- 
aver,  the  following  disrusnioa  deals  only  with 
the  three  quaatioaa  abore. 


STATIC  DESIQf  PrOBUEMS 

la  Loitn.  tuiiag  tbs  first  quastion,  the 
design  problen*s  i.eaoclatod  with  static  or 
convantiooal  loads,  il  la  appropriate  to  look 
briefly  at  currant  dosiga  procaduras.  Tha 
conntruetioa  iaduatry  is  of  glga,ttlc  propor- 
tloaa  ai'd  la  our  natioa  alone,  iinrolves  the 
aaaual  arpeaditiirea  of  some  SO  bilUon  dollars 
of  private  aad  pobUc  fkiada.  Slixe  all  of  ua 
coatribule  to  Iheaa  aapenditurea  oaa  might 
logically  aak,  "What  aaaaraaea  do  dastpMra 
have,  prior  to  the  capenditure  cf  H  miUioo 
doUarn  par  mils  on  a  public  higbway,  10  mil¬ 
lion  doUara  (or  a  single  large  etructurei  or 
900  mlUloa  duilare  for  a  large  dam,  that  the 
structura  ba*ag  dasigaad  will  aot  coUapaa  and 
reauK  la  loaa  of  Uvea  aad  InvemaMmt?"  In¬ 
deed  he  has  no  complete  aeeuraiics  as  wlt- 
ueesed  by  ocesaiooal  Idghi)  publiclaed  fall- 
urea.  This  has  been  manUad's  experience 
for  maay  ganentloaa.  The  Isaalag  tower  of 
Plaa  sUnda  today  only  through  a  property 
which  wa  mlgkl  call  grace  rather  than  the 
foresight  of  tts  dsaignara.  The  wlds-apread 
daaaafa  aoweecarring  in  Mexico  Ct^  is  oc¬ 
curring  for  ranaona  which  wa  can  now  explain, 
bik  tha  affocts  wars  not  pmdktad  prior  to  tha 
laKlatlon  of  kjWdaaci  In  thla  nran.  However, 
In  the  part  90  years  and  mors  pnrtlralarly  In 
the  peal  10  years,  knowledee  of  tha  behavicr 
of  soils  undor  auperlupoaea  loads  h-a  bteome 
much  laaa  stfoject  to  opiti:  aad  whim,  aad 
much  mors  aoMCdbla  ic  »  r— il  traatioant. 
This  haa  raiultad  largvi;  < tom  the  ac>entifto 
siHillcatiaii  ut  trvU  known  la.,  a  of  machanlea 
tha  bahaviurolaoUa.  Although  aoU  ma- 
chaaies  la  anil  regarded  by  maay  aa  aa  art 


rather  than  a  science,  Dr.  Karl  Terzaghi 
combined  past  classical  treatments  of  the  i>e- 
havior  of  materials  with  many  empirical 
crutches  to  enable  us  to  approach  a  design 
problem  today  with  a  very  high  degree  of  con¬ 
fidence  in  the  successful  performance  of  a 
structure  after  it  is  built. 

It  must  be  noted  here  that  when  t.he  de- 
sijpier  of  protective  con.stniction  asks  his 
first  question,  "'•'hat  are  the  conventional 
pmolems  in  the  design  of  an  underground 
structure  he  does  r."**  have  a  great  deal  ol 
experience  on  which  to  rely  for  the  raiticular 
kinds  of  structures  involved.  However,  he 
has  a  great  many  facts  at  his  disposal.  If, 
for  example,  he  1:  •morosted  in  the  design  of 
a  large  structure,  buried  so  that  its  top  sur¬ 
face  is  near  the  original  ground  surface,  he  is 
interested  in  the  horizontal  and  vertical  com¬ 
ponents  of  force  which  the  soil  ut  rock  impart 
to  the  structure  and  ho/.’  the  structure  reacts 
to  these  forces.  He  .Jready  has  considerable 
experiei  .e  in  estimating  vertical  stresses  in 
the  soil  under  the  four,dat.or.s  of  structures. 
For  example,  a  large  stiucture  may  transiet 
all  its  weight  and  loads  to  isolated  points  of 
support  which  are  the  column  foundations. 

For  settlement  estimates  the  problem  reduces 
to  one  of  determining  stresses  and  strains 
within  a  scmi-infinitc  solid  which  is  subjected 
to  concentrated  laxds  acting  normal  to  its  free 
surface.  Towai'd  the  end  of  the  nineteenth 
century  J.  bo  ‘-cinesq  considered  ttv*  .otob- 
lem-slven  a  !•■'•>  -t  force  normal  to  the  free 
suiface  of  a  homogeneous,  isotropic,  elastic 
body  of  8cmi-;afimte  extent,  what  stresses 
are  produced  in  the  interior  of  this  mass,  and 
what  change  of  position  do  various  points 
within  this  mass  suffer,  as  a  result  of  the  In¬ 
duced  .'dr(  Siuii,  111  1885  Bouiislnesq  p  iliiishrd 
a  wiiutioo  l<i  •  :'h  ide  vli/.ed  pi.iiiU  m.  and  .is  .i 
result,  e  procedure  is  available  fur  extiiuati.ig 
Jesired  stresses  and  strains  at  any  Interior 
point  of  a  soil  mass.  Thus,  thcoretl:ally  the 
designer  has  only  to  determine  the  total  tores 
acting  In  each  coivrr.n  of  the  structures,  and 
asnuma  the  column  forces  to  be  acting  at 
points  normal  tn  the  surface  the  esrth  me¬ 
dium.  The  deugn  problem  then  becomes  pim¬ 
ply  one  of  ssstgring  column  loads  to  iho  struc¬ 
ture  which  will  insure  that  the  streases  la  the 
meciiui,’  len.ain  with  the  elastic  limit  <>f  the 
mulerlaJ  ami  that  deforrnatiuns  are  held  within 
allowable  limits.  Unfortunately,  this  approach 
taxes  theory  biwond  its  capsciiy  to  supply 
useful  !*'Jormation.  Of  all  the  vital  bite  o.'  in- 
foi  matlon  yielded  by  the  Boussiruiaq  equations, 
the  hard  facta  of  c(|/erlence  teach  that  (xUy  the 
deterrotnatton  of  vertical  stresa  (and  this 
tsmpered  with  judgment)  Is  s  trustworthy 


quantity  which  nay  b:^  apfl'Od  to  soil  in  nature 
which  1.S  a  nonDl?siic  semi  iminice 
and  which  is  als  oonhom.  .gf.peous  and  nen- 
isotropic 

A  judi.-iou"  uc-'  of  theories  toi-mulated  by 
such  met  as  Boussinesq,  Colouir.b,  :md  Ran- 
kine.  coianiued  with  eKperience,  intelligent 
sampling  testing,  and  int£rpieta,ion  ot  tes' 

&  f'  <111  soils  on  w.hich  structures  are 
placed,  onstitute  the  practice  of  the  top  de- 
8igi>  firms  in  our  present-cay  construction 
industiT  Thus,  although  many  challenging 
questions  arise,  the  designer  has  corJidence 
tn  answering  his  first  question. 


BEHAVIOR  OF  EARTH  MEDIUM 

The  secuid  question  facing  the  designer, 
"How  does  the  earth  medium  behave  under  the 
blast  load'”'  is  more  difficult.  An  entuuragliig 
first  step  would  be  to  have  .<  theoretica.1  solu¬ 
tion  for  the  dynamic  Boussinciiq  problem, 
ti  m  which  stresses  f'rains,  and  particle 
motions  could  be  readuy  determine  [l|  How¬ 
ever,  instead  of  the  Boussmesq  iHiini  force  on 
the  surface  of  an  ideal  body,  it  is  necessary 
to  considei'  a  surface  nuclear  blast  load  which 
initially  acts  with  great  intensity  on  a  rela¬ 
tively  small  area  and  then  expands  in  the  form 
ot  a  ring  over  the  surrounding  terrain.  This 
load  travels  over  a  nonideal  body  with  a  vari¬ 
able  velocity  and  Intensity,  and  induces  com- 
pressional  and  shear  body  waves,  and  surface 
waves,  Into  the  earth.  In  the  rlcinlly  of  the 
bur#,  on  important  aspect  uf  the  blast  load  is 
the  systeia  ot  forces  directly  induced  by  the 
crater  ing  process. 

Hi  re  again,  Che  classical  work  of  such 
men  a.-.  Ixu.’c,  R^ylcigii,  arid  i  "icis 

furnished  the  basis  fur  formulatinir  i  uelllgent 

questions  renuding  ths  ^rnctal  coadUions 
relevant  to  ths  b>i,st  design  c4  structures 
buried  beneath  the  surface  cl  the  earth.  The 
classical  theories  havs  been  of  Inestimable 
value  to  g>opbyslclals,  [Murtlculariy  sstamol- 
oglsts.  In  discovering  uic  structure  of  the 
earth,  and  In  many  proepseting  applicationn. 
They  have  nlso  been  of  great  help  to  (he  con- 
ttrw'tlon  Industry  in  the  flekl  cf  eaithquake 
design  of  structure  .:  It  Is  prcbable  that  the 
clcsslctsis  were  not  even  Intere-  'C'*  the 
rather  i-estricted  problem  of  aa  expanding 
ring  load  on  the  surface  of  in  tdeai  dy,  but 
whatever  the  reason,  ths  iscl  ren  iii  lot  we 
do  ntA  havs  a  readily  i  aeabla  :  aoiu- 

*lon  to  ev'  ’  the  Uouani  sq  point  forri  prob¬ 
lem. 


Several  research  efforts  are  currently 
being  devoted  to  this  end.  As  a  matter  of  fiict, 
work  ir  progress  is  eKpcctod  lo  yield  theoret¬ 
ical  solutions  not  only  to  the  three-dimensional 
problem  involving  ideal  elastic  media,  but 
layerutg  and  some  form  of  damping  will  l>e 
introduced:  this  is  at  least  a  step  closer  to  a 
medium  which  behaves  somewhat  more  like 
real  soils.  Research  is  also  uitderway  on 
problems  in  one  and  two  dimensions  whi''h  in¬ 
volve  plastic  ana  lucking  media  under  dytiamic 
lo^di..  In  the  meantime,  designe.'e  itre  being 
fumisfied  empirical  predirtiou  methods  based 
on  full-scab  .lucleai  field  test  dUa  in  order 
that  current  design  and  construction  may  be 
baaed  on  the  most  advanced  state  of  knowledge 
available  [2]. 

It  is  ill  order,  at  this  time,  to  examine 
realistically  some  of  the  implications  result¬ 
ing  from  the  departure  of  soils  in  nature  from 
ideal  meoia.  On  Fig.  1  are  plotted  the  static 
stress-strain  curves  for  several  relatively 
Ideal  cousii-uction  materials  (steel,  aluminum, 
and  concrete),  and  on  this  same  plot  Is  in¬ 
cluded  a  region  in  which  soils  behave  unae. 
static  load.  The  stresses  and  sir '.ins  shmen 
are  all  within  practical  ranges  for  the  me¬ 
chanical  behavior  of  materials.  They  are 
plotted  on  the  same  scale  to  indicate  the  rel¬ 
ative  differences  between  soil  and  other  struc¬ 
tural  materials.  U  Is  true  that  steel,  alumi¬ 
num.  and  concreta  behave  eomewhat  differently 


under  dynamic  rather  than  static  loads,  but 
soil  riay  exhibit  large  differences  in  both 
mod’  aiid  strength  under  dynantic  londs. 

These  differences  are  shown  on  a  later  plot. 

Most  soils  in  nature  exist  at  dry  densities 
lying  between  50  and  135  pounds  per  cubic 
foot.  Over  wiuespread  areas  these  densities 
commonly  are  corJined  between  lutrrower 
limits  erf  perh.»pc  80  to  115  pounds  per  cubic 
foot.  Many  investigators  who  are  engaged  in 
theoretically  predicting  the  behavior  of  soi.', 
but  liave  hart  no  picvious  experience  with  soii 
mechanics,  are  startled  lo  find  that  even  for 
extremely  dense  soils  only  80  percent  of  a 
unit  volume  is  mineral  material.  Tt.eoreti- 
cally,  at  leas*.,  mere  is  a  20  percent  potential 
for  volume  change.  At  the  other  extreme,  for 
a  50  pounds  per  cubic  foot  soil,  only  30  per¬ 
cent  of  a  unit  volume  is  miner^  material 
which  implies  a  limiting  value  of  70  percent 
volume  changi*.  Perhaps  an  extreme  exa.mple 
of  low  density  sc>.ls  is  associated  with  the 
case  of  Mexico  City,  previously  mentioned.  It 
was  found  that  certain  portions  of  the  200-foot 
thick  clay  seialum  underlying  the  City  actually 
contain  92-pe-cn.ii  void  space.  A  200-loot 
thick  stranun  of  such  soil,  if  it  were  to  be 
compressed  to  a  new  volume  containing  even  ^ 
as  much  as  SO  percent  voids,  would  neverthe¬ 
less  suffer  a  surface  settlement  of  approxi¬ 
mately  170  feet.  Fortunately  much  of  the  soil 
is  denser  than  that  noted,  and  set^iements  of 
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this  order  are  not  anticipated.  It  ia  also  true 
that  no  simple  relationships  exist  between  the 
amount  ot  voids  and  the  compressibiiiiy  o(  a 
soil,  but  it  is  of  interest  to  compare  the  voit^ 
quantities  lor  commonly  envc^intered  soils 
with,  say,  limestone,  which  often  centains  less 
than  1  percent  voids. 

Thr  important  point  to  be  made  is  that 
much  ol  our  protective  construction  will  be 
placed  ir.^soils  which  commonly  contain  30-  to 
40-percent  veid  space.  These  soils  are  char- 
artortzed  by  a  very  low  stlUness  (in  eoniparl- 
son  to  concrete,  aluminum,  and  steel)  whicL 
may  become  even  lower  (or  some  range  o{ 
hi^r  stresae.:  depending  on  the  kind  al  con¬ 
straints  to  which  they  are  subjected.  It  is  not 
implied  that  they  are  bad  ronstructicn  mate¬ 
rials— on  the  contrary,  they  may  prove  to  be 
the  very  best  media  in  which  to  place  certain 
blast  resistent  structures  because  the  damp¬ 
ing  provided  by  the  soil,  the  energy  attenuation 
characteristics  related  to  its  nonlinear  behav 
ior,  '  the  economics  invulrcd  in  its  use 
make  it  nighly  desirable  (or  many  purposes. 

In  predicting  behavior,  however,  attempts  to 
^dealir*  such  behavior  must  proceed  with 
care  and  caution. 

Figure  2(a)  represents  a  static  stress- 
strain  curve  (or  a  coniined  soil  sample  while 
rig.  2(b}  represents  the  same  material  tested 
under  unconfined  conditions,  both  statically 
and  dynamiesity.  While  Fig.  2(a)  is  an  setuai 
stress-strain  c  <rv«  lor  a  particular  clay  with 
lateral  strain  prevented,  Fig.  2(b)  is  intended 
only  to  represent  the  kind  ot  behavior  charac¬ 
teristic  ot  a  comparable  sample  under  unecn- 
(tned  conditions  [3,4, 5, 6].  The  attempt  here 
is  to  illustrate  that  conllnement  implies  Urge 
dillerenees  in  strength  and  stillness  charac¬ 
teristics  of  soils.  Even  for  unconfined  condi¬ 
tions  (Fig.  2(b)),  there  are  also  significant 
strength  and  stiffness  differences  (cr  coodi- 
iiuns  of  static  and  dynamic  loading.  Since 
relatively  little  woik  has  been  done  on  static 
aul  dynamic  testing  of  soils  under  various 
cotidiiions  of  csnliiiemt.nt,  these  curves  can 
be  evaluated  only  a  qusJUative  way.  Impor¬ 
tant  features  to  note  and  which  deserve  aiMt- 
tional  atisly  are  the  changing  moduli  at  various 
stress  levels,  the  hysteresis  loops  under  both 
conflnou  and  unconfined  conditions,  and  a  fea¬ 
ture  not  apparent  from  these  plots;  namely, 
the  strain-time  relations  during  both  the  loot¬ 
ing  and  unloading  portions  oi  Die  curves. 

Static  tests  on  confined  soil  samples  con.monly 
exhibit  atraln  recovery  persietlng  over  long 
times  after  ihe  load  is  removed.  Dynamic 
strain  data  from  full-  scale  field  tests  sugger* 


Fig.  2  -  Confined  and  unrc*n*ir.-^ri 
•trese-itrain  reiationnhips  tor 
soil 


that  the  strain  recovery  or  "rebound"  phase 
also  continues  (or  a  considerable  time  after 
the  load  has  passed.  There  Is  sn  implication 
that  during  the  time  of  significant  response, 
the  material  behaves  as  a  nonlinear  visco¬ 
elastic  mateiial  or  perhaps  even  as  a  plssUc 
aoild. 

Figure  2(a)  also  offers  a  possible  expla- 
nattsn  for  the  relatively  high  seiemic  velocl- 
tiee  which  have  been  measured  in  the  Held 
and  from  which  the  "elastic"  moduli  tor  soils 
have  been  derived.  Whether  or  not  the  initial 
steep  slope  noted  in  this  curve  is  character¬ 
istic  ol  most  soils,  or  even  lor  some  soils 
under  dynamic  load,  has  not  been  fully  deter- 
mincxi.  However,  laboratory  teats  using 
"sonic"  methods  wherein  extremely  low 
■tresses  are  produced  have  shown  that  the 
moduli  determined  using  claaalcal  wave  prop¬ 
agation  theory  range  uraera  of  magnitude 
higlier  than  thoae  d'>termined  at  aome  apeci- 
fied  Mgh-etreas  level  [7].  R  is  »o 

postulate  that  aoU  behavior,  uiider  the  ex¬ 
tremely  low-atreaa  levels  ^ssociau.i  with 
■eismic  measurementa,  la  esaenl;  <!'  .laatlc: 
whereas  the  behavior  .\t  lilgh-ai«*ei,„  !«.vels  ia 
dtstincU'  different  pi  'uomenon.  Setsmolo- 
giete  utill2.e  the  relatloaahlp 
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V  >  Compressional  Wave  Velocity 
E  a  Young's  Modulus 
p  s  Mass  of  Medium 
u  •  Poisson’s  Ratio 


for  the  compression  wave  velocity  in  a  tn''<‘- 
dimensional  ideal  medium.  It  is  apparent  mat 
the  compression  wave  velocity  may  vary 
widely  if  'E*  fluctuates  widely  during  the  re¬ 
sponse  of  soils  to  dynamic  loads,  rull-scale 
field  test  data  also  suggest  that  tlw  energy 
absorption  process  at  hif{h-atresa  levels  is 
accompanl^  by  an  attenuation  of  stress, 
strain,  and  particle  motions  [S].  Soli  tests  in 
the  Air  Force  six-foot  shock  tube  and  analyt¬ 
ical  work  on  the  behavior  of  'bi-linear  lock¬ 
ing"  media  (i.e.),  these  media  in  which  ctrains 
occur  largely  throug'i  progressive  compaction 
of  the  material,  hirtlier  indicate  that  the  near- 
rarface  behavior  (A  the  soil  plays  a  prominent 
part  in  the  total  response  of  the  earth  to  bla  ^<. 
loads  fS, 10].  These  phenomena  arc  of  direct 
and  immediate  interest  to  the  designer  who 
must  estimate  the  free-fleld  behavior  of  a 
potential  construction  site  which  may  be  sub¬ 
jected  to  a  nuclear  blast  load.  There  Is  wide¬ 
spread  belief  that  current  prediction  methods 
are  adequate  but  coneervattve.  Inveatigctiotm 
based  on  more  resltatic  material  behavior 
promises  not  <mly  more  economical  under- 
groti'.t*  construcUan  but  may  well  reveal  ad¬ 
vantages  which  current  conservative  methode 
do  not  recognise. 


LOADINC  AND  RESPONSE 

Having  utilised  empirical  and  theoretical 
guidance  the  better  to  defermlce  the  antici¬ 
pated  behavior  of  the  earth,  the  designer  is 
now  ready  tor  the  third  question  regarding 
loading  and  reRwms  of  underground  atruc- 
turea.  In  consideriog  this  problem,  it  is  well 
to  recognise  that  when  dynamic  loads  begin  to 


come  into  play,  the  structure,  having  a  stiif- 
ness  different  from  that  '•!  ihe  surrounding 
soil,  1  :remmdally  acquires  an  effective  mass 
different  from  its  cwn  and  thus  alters  the 
forces  acting  on  it  [ll].  Because  of  its  changed 
effective  mass.  It  then  re^ionds  in  a  different 
fashion.  The  changing  effective  mass  is  asso¬ 
ciated  with  arcding  effect  In  the  soil.  In  its 
simplest  form  arching  may  be  best  visualized 
oy  considering  the  static  forces  indicated  in 
Fig.  3.  The  force  acting  on  plane  x  in  Fig. 

3(b)  is  simply  the  weight  of  the  material  above. 
Figure  3(a)  is  tb<>  same  section  but  a  rectan¬ 
gular  unlined  opening  has  been  excavated  with 
its  roof  at  plane  x .  The  roof  the  unlined 
opening  will  sot  necesaarlly  collaiJse  in  aplte 
of  the  tact  that  no  material  exists  In  this  re¬ 
gion  to  carry  ita  portion  of  the  load.  (Whether 
a  small  portlou  of  the  roof  falls  out  or  not  is 
not  important  to  this  argument.)  Since  the 
total  load  remains  constant  above  plane  x ,  it 
follows  that  Uio  stress  must  flow"  around  the 
opening  and  the  biUinsity  of  the  stress  must 
be  altered.  Since  all  Mrineinal  stresses  are 
thus  altered  and  each  face  the  onening  is 
acted  upon  by  a  different  sot  of  forces,  the 
arching  actmn  aill  occur  uu  every  face  in  » 
different  manner.  If  a  structure  which  is  very 
stiff,  relative  to  the  aoil,  is  placed  In  the 
opeidng,  arching  will  alao  occur  but  in  such 
manner  as  to  eoneentrata  load  onto  the  struc¬ 
ture  rather  than  to  permit  it  to  flow  around 
the  structure.  The  manner  in  which  this  arch¬ 
ing  effect  occure  for  dyuamle  loada  on  under¬ 
ground  struchiren  is  a  matter  of  prime  intereet 
since  the  deeign  will  be  vitally  affected  by  the 
manner  in  which  the  structure  is  loaded. 

Even  If  it  is  assumed  that  the  structure 
remains  elastic  throughout  the  dynamic  dis¬ 
turbance  and  msiniains  a  relatively  constant 
atiffnesB,  the  preceding  aoU  stresa-atrain 
curvea  illustrate  that  the  stiffness  of  the  soil 
may  vary  appreciably.  When  the  interaction 
between  a  burled  structure  and  the  mediem  is 
better  undertdood,  it  is  hoped  that  the  arching 
pbonoaienoa  may  be  used  to  provide  even 
greater  asaunnee  of  survival  during  attack. 


CONCLUSION 

The  preceding  discussion  has  inH<ca<  2d 
that  cho  designer  is  at  least  on  somewhzt 
laiuiliar  ground  in  considering  problems  in¬ 
volving  static  loads  on  underground  protective 
structures.  For  dynamic  loads,  he  is  cur¬ 
rently  utilizing  every  bit  of  theoretical  and 
empirical  knowledge  available,  although  much 
remains  to  be  done  in  the  field  of  nonlinear 
behavior  .  For  the  8oil-stn<cture  interaction 
problem  there  In  as  yet,  little  in  the  way  of  a 
rational  approach.  Instead,  there  is  a  great 
dependence  upon  outsL'rding  engineers  and 
scimitists  who  have  in  the  past  demonstrated 
ability  to  exercise  intuitive  judgment  in  re¬ 
gions  where  knowledge  is  limited.  An  active 
research  program  is  methodically  adding 


building  blocks  to  the  ar  rwers  to  designers' 
questions.  There  is  gi'eat  hope  and  confidence 
that  a  wise  mac ’••ago  of  science  and  engineci  - 
ing,  tempered  w,th  experience,  will  continue 
to  furnish  guides  to  intelligent  and  economic 
design  of  underground  blast  resistant  struc¬ 
tures.  Even  though  hardened  construction  is 
only  a  small  portion  of  the  national  construe - 
tiuo  prugiam,  ii  is  piefiently  being  fundC'd  at 
an  imprefsive  rate.  H  deserves  seri- 

•os  .  ttr  ''.lon  since  it  is  an  important  part  of 
cur  defense  posture. 

The  overall  effectiveness  and  economy 
with  which  design  and  construction  are  carried 
out  depends  in  a  large  measure  upon  the  suc¬ 
cess  of  a  research  progran  to  furnish  knowl¬ 
edge  of  the  pnenomeiut  involved. 
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DISCUSSION 


Mr.  Wetasman  (Ammann  t  Whitney): 

When  you  were  relerringlb  tEeitresa- strain 
eurvsB  for  the  aoU,  you  msntloned  that  for 
deatga  purpoaes  the  present  methoda  were 
cunservattve.  Were  you  referring  to  a  method 
that  wan  bnned  on  the  seismic  velocity? 


Mr.  Slew  When  I  discuaaed  the  dynamic 
characterlstivs  of  the  ntress-atraln  cu.^'ves,  I 
was  not  talking  about  aomething  thaf  really 
l<eea  pumped  into  design  today.  We  r<.r  '  I'eing 
seismic  velocities  to  estimate  beh*)'!'..  e  of 
materialB  in  the  field.  I'm  not  quite  iK-  .■  what 


98 


you're  asking.  We're  not  using  for  these  un¬ 
derground  j)rotective  structuif  ?  design  meth¬ 
ods  which  are  directly  anaiagous  to  the  design 
of  a  structure  under  static  loads. 

Mr.  Weissman:  I'm  aware  that  we  are 
using  the  seismic  velocity  as  a  means  of  de¬ 
termining  a  modulus  in  the  design  procedures. 
You  pointed  out  on  the  stress-strain  curves 
that  the  modulus  associated  with  the  scls>'  ic 
velocity  is  much  higher  than  the  aettui  muuu- 
lus  ;W  would  probably  occur  und^r  the  pres¬ 
sures  that  we  design  for.  I  thought  you  implied 
that  these  proeedures,  using  the  se.smic  ve¬ 
locity,  were  conservative.  I  didn't  quite 
understand  that. 

Mr.  Sisson:  Well,  let  me  say  this.  I  rep- 
resent  a  research  organization  a^  I  lUte  to 
discuss  the  question  from  the  standpoint  of 
what  I  consider  a  fair  question.  It's  my  opin¬ 
ion  that  it's  highly  likely  in  nature  that  a  soil, 
subjected  to  sufficiently  low  stress,  will  be¬ 
have  linearly  elastically  and  therefore  you  can 


determine  Us  elastic  constants  using  classical 
wave  piopagation  theory.  However,  when  you 
subjei  this  soil  mass  to  a  pressure  of  100, 
200,  3iM  psi.  I'm  not  at  all  convinC€d  this  is 
the  case.  I  think  in  the  meantime  if  you  must 
design,  you  must  use  something  which  ycu  can 
say  IS  S’)  or  at  least  which  has  some  basis  in 
theory  or  fact,  rather  than  someoiie's  opinion 
such  as  my  own.  I'm  lujt  enthusiastic  about 
(he  use  of  seissric  velocities  for  determining 
elastic  constants  for  soils. 

Mr.  Weiesman:  I  was  wondering  why  you 
mentioned  that  it  was  conservative. 

Mr.  SisBOii:  I  don't  know  what  conserva¬ 
tive  means.  If  you're  primarily  concerned 
with  diqilaeements  and  if  you're  using  a  seis¬ 
mic  velocity  walch  indicates  a  very  high  stiff¬ 
ness,  then  this  is  not  conservative.  I  think 
this  is  a  design  problem  and  f  think  you'll  have 
to  agree  on  what  you're  ccacernod  with. 

Mr.  Weissman:  aiiank  you. 


* 
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A  CONCEPT  FOR  SOIL-STRUaURE  INTERACTIOfJ 
DUE  TO  OROUNO  SHOCK  WAVES 

A.  H.  Wiede  rxnum 

A'mour  Retrrrch  roundation,  Chicago 


Thii  paper  preecnta  a  theory  cr  concept  which  can  be  need  to  eetimate 
the  force!  acting  on  a  buried  atructure  when  the  structure  is  'ubjected 
to  a  ground  ahock  wave,  Thia  work  waa  intended  to  be  applicable  pri¬ 
marily  for  aoila  which  are  elaatic,  at  least  in  an  approximate  n.anner. 


INTIiv  '•UCTIOH 


A  dlacusaian  ol  the  free-fleld  yarUfaies  is  given  together  with  sn  Idesllzatloft  of  the  ytiess 
wave  forms  of  interest.  The  hasls  of  the  s«iil-stnictui«  Interaction  concept  lies  '.n  the  assuinptiun 
of  the  mature  of  the  forces  acting  on  the  tairied  atructure.  The  force  actii^  on  the  atructure  is 
assumed  to  be  compoMd  of  two  parts.  One,  the  wave  force,  is  due  to  the  sudden  motion  of  the 
surrounding  media  and  ths  subsequent  state  of  stress  Is  the  ground  shock  wave.  The  other,  the 
arching  force,  is  due  to  the  local  ^formation  or  dtaplscement  of  the  structure  relative  to  the  aur* 
rounding  media.  The  motion  of  the  structure  is  governed  by  the  usual  equation  of  motion;  how* 
ever,  in  this  treatment  the  forcing  term  has  bsen  ifUt  into  two  uncoupled  terms.  The  wave  force 
term  is  a  fwKtlnn  of  UsM  and  ths  arrhtag  fores  term  Is  a  hmetien  ot  the  relative  dtsplsctxvst 
between  the  ’ict);re  surface  and  its  eorr^apamUaf  aefl  position. 

Tbs  reaponse  of  tbs  bunsd  atructurss  Is  given  lor  a  range  of  ground  shock  wave  parameters, 
Mnicture  configurations  and  structurs  pnramsters,  and  ineludea  s«uic  analysis  ol  shock  laolsUon 
systems. 

The  results  pressnisd  in  UkS  paptr  rspreasnt  soma  work*  recently  completed  at  Armour 
Research  Foundation  under  the  aponsorsMp  of  the  atructures  Divisiou  of  the  Air  Force  Special 
Wcapooe  Center. 


LlffT  OF  STMBOU 

Dimensionless  Symbol 
A 

c,  SsUmlc  Velocity 

C,  Arching  Coafflctsnt 

D  Otamster  of  Structurs 

B  kfodulus  of  Elsaticity  of  SoU 


rimcaalonsl  Symbol 


Amplitude  of  OiKlUsUon 


‘AFSWe-TR-bO.),  Appci.dix  H,  Contract  l  a.  AriltAlbl-l  169. 
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Dimensional  Symbol 
Eh 

E. 

Eb 

Ef 

Eb. 

'b. 

F,. 

E„ 

K 

I 

L 

L' 

t 

u 


1-  y 


< 


s«* 


€ 


P 


O, 

(7 


Modulus  of  Elasticity  of  Buffer 
Arching  Force 

Force  on  Back  Face  o.  Structure 
Force  on  Fr»>-  *  Fare  o'  Structure 
Arching  Force  on  Back  Face  ot  Structure 
Wave  Force  on  Back  Face  of  Structure 
Arching  Force  on  Fro*«t  Face  of  Structure 
Wave  Force  on  Front  Face  of  Structure 
Flexiiiility  Parameter 
Buffer  Thicknesa 
Length  01  Structure 
Compressed  Lciigth  of  Structure 
Mase  of  the  Structure 
Time 

Critical  Times  of  Free-Fleld  Wave* 
Particle  Velocity  of  Soil 
Velocity  of  Structure 
Velocity  of  Structure  at  T  ■>  r 
Olaplacement  of  Soi! 

Displacement  of  the  Structure 

Displacement  of  the  Structure  at  T  :  r 

Relative  Displacement 

Stress  Relief  Parsmeter 

Strain  in  SoU 

Buffer  Parameter 

Oenelty  of  SoU 

Ambient  ricRSlty  of  Soil 

Stress  in  Soil 

A  Constnm 

Screes 


Dimenalonless  Symbol 

ft 


3b 

3f 


3b. 

3,. 

3,. 

C 


T 


U. 

U.  V 

u* 

X,  X‘ 
V 

V* 

z.  z' 


a 


e 
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FREE-FI£U>  VAPJABLES 

The  (ree-Ucld  variables  are  necessary  Inputs  for  the  study  of  t.  >  Interaction  of  ground  shocks 
with  burled  structures.  It  Is  the  purpose  of  this  section  to  delineate  these  variables  and  to  elabo¬ 
rate,  somewhat,  on  the  assu-mptlons  which  must  be  made  to  make  the  problem  tractable. 

In  general.  Interest  lies  In  ground  shock  disturbances  whose  stress  levels  ate  In  the  range  of 
hundreds  of  pounds  per  square  Inch.  The  range  of  earth  media  of  interest  Is  essttntially  luilimited; 
thus,  at  the  level  oi  stress  of  Interest,  we  are  dealing  with  media  which  behave  physically  In  vastly 
different  ways;  that  la,  the  behavior  of  the  varicr.ii  -d:;  na-  be  described  as  elastic,  plastic, 
fluid,  elastic -r>i;~tic,  visco- elastic,  etc.  Any  attempt  to  formulate  a  simple  description  of  the 
behavior  of  the  frce-fleld  variables  must  be  tempered  by  the  piiyslcei  behavior  of  the  media  of 
interest.  In  general,  th'  t  specific  report  wiM  deal  with  a  medium  which  is  essentially  elastic  In 
its  gross  behavior. 


Fig.  1  -  lUuatration  of  general 
variation 


The  type  of  ground  hock  of  interest  in  this  work  was 
restricted  to  plane  waves  which  do  not  attenuate  significantly 
In  distances  of  the  order  of  the  size  of  structure  of  interest. 
Also,  no  boundary  effects  of  the  medium  are  coosidered  (i.e., 
the  medium  is  infinite  In  extent).  The  disturbances  considered 
have  fronts  which  are  dlscootinuous  (step  pulse)  or  hav-  finite 
t.se^  the  stress  iields  behind  the  front  are  either  uniform  or 
decaying  with  time.  Figure  1  illustrates  the  general  stress- 
time  variations  and  the  following  equation  U  an  idealization  of 
this  variation. 


/  -‘"a 

,  (l-»  je  Oit<' 


(1) 


where  "  la  stress,  t  is  time,  and  <r,,  t,,,  sad  t,  are  canatsnts.  The  results  dlscusaed  la  this 
paper  are  limited  to  the  step  pulse  caoe  wiwrs  tlw  stress  Is  constant  (o  <  <7,).  The  propagsUoa 
velocity  of  the  diaturbance,  e,,  is  ssaumed  to  bs  constant  and  s  function  only  of  the  medis. 

Slace  the  'isturbsnee  is  plant  azul  in  an  infbiits  msdium,  only  ons  nonzero  component  cf  strain 
exists  in  the  free  fluid,  >  <  (where  ■  la  the  direction  of  propagation  of  the  disturbance).  The 
stress  components  art  reUded  to  the  strata  component,  taut  this  rclstlonshlp  Is  uakaown  tor  the 
general  case.  For  an  clastic  medium  the  moat  Importarf  stress  Is  the  normal  stress  In  the 
direction  of  the  prepsgstton  of  the  dlaturbarte  (9,,)  to  7,,  (i.e.,  7  and  v,,).  For  the  purposes 
cf  (bs  following  aaslysls  the  normal  stress  >  a  will  be  the  only  stress  considered. 

Across  a  discaatlnuoua  front  or  quael-atationary  noodiscontinuous  front,  the  following  equa¬ 
tions  are  V8''d. 


ConUnulty  of  Maaa:  p,c,  •  /)(c,-u)  (2) 

Contloulty  of  Momeatiua:  a  <  (3) 

where: 

fi,  a  aosMent  density  of  the  earth  media 
p  ■  density  of  the  madia  at  the  stress  level  a 
c,  a  sound  velocity 

u  a  particle  velocity  of  the  medis  at  the  stress  level  a, 

!t  bhouid  hv  pointed  out  that  the  dlaturbaaca  Is  advancing  Into  a  msdium  which  Is  at  rust  an>  .it  s 
aero  .)  u'  of  stress.  Thus,  the  iSrees  due  to  gravttv  (overburd'.  1)  is  neglected  when  compared  10 
the  7„. 
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V 


Equation  (3)  ylelda  a  reL^l'.onahtp  (or  u,  dlrertiy, 


u 


a 

■ 


By  uaiag  the  equattona  (or  the  propagation  o(  a  diaturbance  in  an  elaatic  .-nedium, 

2  E 

C-  ~  -r*  * 


(4) 


(S) 


we  ootaln 


U 


(«) 


where  t  la  the  modulua  oi  etaaticity  (or  the  madliini.  In  any  arant,  the  particle  velocity  ia  pro* 
porttonal  to  the  atreaa  whe^e  the  conataaE  U  proportionality  ia  a  'enrtion  oi  the  properties  o(  the 
mediim.  The  velocity-time  variation  cannot  be  derived;  therelOre,  it  ia  aaaum^  that  the  inatan- 
taneoua  particle  velocity  la  t  elated  to  the  Inatanta.iaoua  atreaa  by  Eq.  (4)  or  Eq.  (6/.  The  ambient 
denalty  o(  the  medium,  p  ,  and  the  aouad  velocity,  c, ,  are  readily  obtainable  a'  <  ahould  be  known 
to  a  reaaonable  degree  cl  accurary. 


NATURE  or  THE  rORCES  ACTIM7  ON 
BURIED  ffTRUCTlUE 

The  purpoee  ot  thla  aectloa  ia  to  present  and  dlacuas  the  types  ct  forces  which  are  assumed 
to  act  on  a  burled  structure  when  thla  structure  is  struck  by  ground  shock.  The  state  o(  the  art  is 
quite  meager  at  the  present  time,  and  a  eonalderaUe  anuarnt  at  work,  both  wgierimental  and  theo¬ 
retical,  must  be  done  before  the  interaction  phanoiwenon  will  be  aatialactorlly  understood. 

for  the  puipone  o(  this  paper,  (he  geomstry  at  the  burled  atiwctare  la  taken  aa  a  cylinder  at 
dta!*Mter  0  and  length  L.  Secticas  other  than  a  circular  section  can  also  be  treated  ia  a  similar 
mar-i  r  wi  th  minor  modKicatlona.  The  direction  at  propagation  of  the  plane  disturbance  ia  ia  the 
axial  directian  such  that  the  ioMraetlos  Qrst  occurs  on  the  end  of  the  cylinder. 

Whataver  forces  are  applied  to  the  burled  structure  are  appUad  to  the  three  suriaces  (front, 
back,  and  side)  of  the  structure.  These  eurlacee  will  (Orm  the  baaia  for  catecorlsiag  the  forces 
ia  the  foUowtag  treats. 'at. 

Tot  thw  purpoaee  of  making  estimates  of  the  reiponae  of  a  buried  structure  when  eublected  to 
ground  shock,  the  foUowbig  types  of  forces  are  assumed  to  act  on  thi-  structure: 

1.  Wave  Forces 

3.  Arching  Forces 

3.  (tmar  Forces. 

These  forces,  which  are  eigrtalned  m  detail  in  the  following  paragtaphs,  dt>  not  have  a  Arm  basis. 
However,  it  was  thougnt  at  this  Uum,  (hat  the  problem  could  best  be  approached  by  making 
aesumptloee  as  to  the  nature  of  the  forces  b.volved  rather  than  ma‘:!ag  aaanaaptions  about  any 
other  ^yetcal  parameters.  In  addition  to  the  above  forces  there  aa../  exist  normal  compressive 
forces  on  the  aides  of  the  structure.  These  normal  forces  arc  Symmetrically  dialrlbuted  and  do 
nut  give  rise  to  any  net  ren^onse  in  the  direcUen  of  wave  propagation.  Tho  el(ei.ts  of  these  forcos 
are  neglected  In  this  work. 


Wave  Forces 

It  Is  well  known  that,  when  es  a..juaUc  wave  reflscU  uuiuially  frou  an  inflnltaly  rigid  boiuid- 
ary  of  Inlinlta  extent,  the  intensity  of  dto  dtsturbnnco  Is  bwreased  by  a  foctor  of  (wo.  If  the 
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bcvuidai-y  is  another  media  of  identical  pny«ical  properties,  the  disturhani  c  will  be  transmitted 
without  any  reflection  and  the  intensity  m  the  disturbance  at  this  fici  'iou?  boundary  wii!  tx?  equal 
In  '  -tgnitude  to  the  intensity  oi  the  original  distjrtance.  11  the  acou^.ic  impedance  of  the  bound¬ 
ary  media  lies  sor.iewhere  between  the  above  twa  cases,  the  intensity  of  the  reflected  disturbance 
(a*  the  boundary)  will  vary  by  a  factor  of  one  to  two. 

For  the  purposes  of  this  paper.  It  is  assumed  that  the  rigidity  of  tiie  front  face  o'  the  struc¬ 
ture  Will  be  considerably  greater  than  that  of  tne  surrounding  media  so  that  the  reflection  factor 
will  be  equal  to  two. 

We  are  dealing  here  with  structures  of  finite  size,  such  ihat  any  local  wave  reflections  will 
be  relieved  in  a  period  of  time  which  Is  a  funciion  of  the  properties  of  the  media  and  the  size  of 
the  structure.  To  a  firoi  approximation,  this  time  will  be  proportional  tr  the  sire,  in  this  case 
the  diameter,  D,  and  inversely  propoitional  to  the  propagation  velocity,  c„. 

When  any  forces  are  applied  to  liie  structu-e,  the  struct  .re  will  begin  to  move  as  a  whole  or 
to  deflect  locally.  This  motion  will  not,  in  gener^,  correspond  to  the  motion  of  the  surrounding 
media.  That  la,  there  will  be  a  relative  dlspUceiucnt  of  the  structure  and,  ii>  the  neighborhood  of 
the  structure,  the  displacement  of  the  media  will  be  distorted  from  the  displacement  which  would 
have  occurred  if  the  structure  had  not  been  present.  In  attenr.pting  to  separate  the  forces  which 
act  on  a  single  lace  of  the  structure,  we  are  assuming  that  the  stresses  in  the  media  which  Ive 
rise  to  these  forces  are  also  separable. 

Ej  ..  parating  the  forces  acting  on  the  structure,  it  is  possible  to  determine  the  magnitude  of 
•  he  wave  u'rce  on  the  front  face  of  the  a;ructure  after  .<jcal  reflections  have  hec.i  relieved.  The 
term  "wave  force"  here  refers  to  those  forces  which  are  due  to  the  sudden  motior  ui  me  surrouiui- 
iug  media  and  the  subsequent  state  of  stress  ui  the  ground  shock  wave  as  diticreiitiatcd  tioni  those 
forces  arising  from  the  local  defornuUon  or  di^ilacemcak  of  the  structure  relative  to  the  sur¬ 
rounding  media  Thus,  the  magnitude  of  the  wave  force  on  the  iront  lace  of  the  structure  after  the 
local  reflecii04is  liavc  iieen  relieved  Is  equal  to  that  force  which  would  exist  if  the  structure-soil 
Interface  were  displaced  so  that  the  surrounding  medium  was  not  disturbed  by  the  presence  of  the 
structure.  The  magnttude  of  the  wave  forcea  will  then  be  equal  to  the  product  of  the  front  (ace 
area  and  the  insuuiuneoua  stress  f<r„)  In  ths  soil  due  to  the  ground  shock  wave. 

For  the  ca^c  -if  ^  step  pulse  disturbance,  tbe  wave  force  on  the  front  (ace,  F^,,  has  an  Initial 
value  of  t  and  then  decays  down  to  s  vaiue  equal  to  o^vt)*/4 .  To  formulate  the  problem 

analytically,  it  fs  necessary  to  make  some  wieciflc  assumptions  as  to  the  relief  time  of  the 
reflected  wave.  We,  therefore,  aseume  that  the  relle^lme  will  be  characterized  by  a  time  equal 
to  aD/2c,  where  >1  la  a  conctant  which  should  be  of  the  order  of  one.  We  wlU  ue«  a  value  of  a  »  2 
for  numerical  purposes.  Thus,  tbe  wave  force  on  front  face  corresponding  to  the  step  disturbance 
can  be  written  as 

F,,  .  v.v02/4[,  W 

where  i  >  0  when  the  disturbance  reaches  the  (lont  of  the  structure.  It  should  be  emphaslMd 
here  that  the  wave  force  is  only  a  function  of  time;  that  is,  the  response  of  the  structure  itself 
does  >xH  affect  thin  force. 

A  wave  type  of  force  alno  exlsU  on  the  renr  (acs  of  ths  structurs.  This  force  wtU  not  corns 
into  effect  <intll  the  disturbance  reaches  the  back  lace,  that  la,  until  t  <  Ttie  time  required 

for  the  disturbance  to  propagate  the  alight  dsninMi  distance  that  the  rear  (ace  of  the  atructure 
haa  movcu  during  thia  period  has  been  neglected.  When  the  disturbance  vs'  ;  reaches  the  rear  of 
the  structure,  it  will  propagate  around  the  beck  comer  st.d  begin  to  increaee  (he  wave  ivtc-. ,  f,,,, 
from  zero  to  a  value  corresponding  to  the  frce-fleld  value  of  the  disturbance.  Tiic-  build  v>'  time 
Is  similar  in  character  to  the  relief  time;  hence,  the  same  assumptions  and  conaUnts  wMl.'  were 
used  in  dsvcluplr.g  the  wave  force  on  the  (runt  hre  of  the  structure  will  be  used.  The  ■"iv"  .urce 
on  the  back  (ace  can  then  be  wi  iUen  an 

„  f.  .flic  /•D-LJ/O*)) 

fbv  ’  v.vO*''-*  jl  -  V  *  I  (8) 

The  wave  force  la  lliustrsted  in  Ktg.  2. 
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Arching  Forces 


i 


Those  lor  .-s  aciing  on  the  Iront  itnd  i  ear  faces 
of  the  structure  which  arise  from  the  relative  dis¬ 
placement  defcrmatioo)  between  the  structure  and 
the  surrouiidiiig  medium  are  called  the  arching  forcee. 
This  term  is  perhaps  not  the  best  term;  however,  it 
is  useu  here  for  the  lacs  of  a  more  descriptive  one. 

'Consider  the  static  force  which  exists  on  the 
end  o.  a  rigid  cylinder  when  the  cylinder  is  forced 
axially  into  an  earth  medium.  The  deflectlcm  of  the 
cylinder  face  from  the  posiiion  of  zero  force  is  given 
by  I  and  the  frlcUonsi  forces  on  the  side  of  the  cyl¬ 
inder  are  neglected.  Then  this  force,  called  the 
archlTi  force,  r.  Is  atiproxi mated  by  the  simple 
equation 


r. 


(») 


Fig.  2  -  Wave  force!  on  front  and 
rear  (area  of  etriicmre 


Ftg.  }  -  Arching  force* 


where  C,  Is  a  conWant.  This  type  ol  relationship 
does  not  take  into  constderatlon  the  many  other 
fictcrs  which  exist  such  as  loading  rates,  hysteresis 
'iiects.  ambient  alre~i  level,  etc.  For  the  elaetlc 
case,  the  arching  coefUcient,  c.,  Is  known  for  the 
cylinder^  to  be:  'I  ' 

c.  =  i§  •  (10) 

The  arching  fores  is  lUustrated  in  Pig.  3.  Figure  4 
iUuatrmtes  some  ejqwrlmantal  results^  with  com¬ 
pacted  Ottawa  sand  and  demonstrates  that  Eq.  (9) 
yields  ressonnbls  eaUmates  for  this  soil. 

It  Is  possibls  for  tbs  arching  force  to  become 
negative;  that  Is,  It  Is  only  necessary  to  require  that 
the  total  force  acting  on  the  front  or  bnck  face  of  the 
structure  •  aero  or  creator.  Since  the  total  force 
acting  on  toe  front  or  back  face  of  the  structure  ts 
equal  to  the  sum  of  the  arching  and  waveforms,  the 
arching  force  can  become  negative  tc  the  extent  that 
the  wav*  force  is  poslUvo. 


In  dsflnlag  the  arching  force  as  we  have  done, 
we  are  actually  sseiimisg  that  the  end  of  the  cyl¬ 
inder  doea  not  deflect  locally,  or  if  it  does,  tnat  the  relative  duplacement  must  be  large 
eongiared  to  any  local  deOecUone. 


It  ie  now  necetaary  to  wi-ite  the  more  specialised  equations  for  the  arching  forces  acting  on 
the  front  and  back  faces  reef  ectlvely.  l.at  a  b*  Jie  absolute  dispUcemeat  of  the  aoU  parttclo  at 
Jie  position  of  the  front  face  wheu  ths  structure  is  present.  i.et  y  bs  tha  absolute  dlaplace- 
ment  of  tbs  front  face  of  Uii  structure.  Then 

1  »  a  -  y  (11) 


^Lovv,  A  F.  >{.,  "The  Sir*!!  rroduc*d  in  a  .Somi-Infir,  '•  Sol<d  by  t  .v.aur*  on  P...C  of  tha  Bolinl 
ary,"  Traniaction  Royal  Society  fLo.. -Jon),  Scrle*  A.  pp.  37  i-4u2,  tVZb.  ! 

IWj*  TM  210-1,  July  1944.  > 
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Fif.  4  •  Soin«  •xp«rlmentAl  Archinf  Fij.  v  •  Sh^clt  wav*  and  tructura  motion* 
fore*  durves  obtained  with  compacted 
oft^wa  aand 


la  the  reUtive  dlcplaceniMt^  U  >' »  y* » s'  the  correapoadttac  varUUas  tor  the  bock  toee 
ol  the  structure,  then  for  the  back  face 

?k.  »  ^  ®  •»'  0  <  t  <  t/c, 

•Ad 

tt  ahould  b«  aat«d  that  «'  •  0  durlnc  the  time  Intenral  0  <  t  <  L/'c,. 


•Tieartac  Foree 

A  AhMT  lore*  batweea  the  aide  of  the  atnictiirt  aad  Um  aurraeAdine  modtuu  will  eirtat.  ThU 
terre  wU:  raaUt  aajr  reUUea  moUak  batwaca  the  aoU  Mid  the  atnieture.  For  the  piirpoaa  of  thU 
work  it  haa  baaa  aaaamad  that  the  ahaartac  force  eaa  be  aada  ▼aalahlagty  aiaall  (^properly  treat* 
lac  the  aide  aurfacaa  of  the  atrecture  aad  baace  the  abear  hirce  baa  baaa  omlUad  (rcia  tha  aub> 
aeifima  aaalyala.  Thia  (orca  la  of  aecoadary  Icipoitaoca  la  ita  lallaaaca  oa  lha  archlaf  pbawaa- 
eaoa  bat  deea  taauaaee  to  aooie  decree  the  reapeaae  c4  Sirted  atrecturee. 


RKSPOMOZ  or  BUmD  STRUCTURIS 

Tha  prevtoua  aactioaa  have  daUaaeted  tba  rree>ltald  Tarlabiaa  aad  the  aubasquaat  to- 
which  a. a  aaaiiinad  to  act  oa  tha  buriad  atraebua.  Tha  raapeoaa  of  tba  butted  atnicturc  vlU  be 
trtatad  la  thta  aactloa  (or  the  apeclal  caaea  of  a  licld  atructure  iwrlrd  la  »  elaatlr  madtu;.). 

Tba  tana  "rlfld  atmetura''  la  uaed  here  tn  daaitruta  the  treatiaert  of  the  reapoaae  of  the 
atrwetura  aa  a  ataade  decree  of  freedom  ayataat.  Tbua,  tha  abaoMa  deflecUca  of  the  atructure  aa 


IM 


a  'yhole  (and  tb*  abaolute  deflection  uf  both  the  front  and  back  aurla-ca)  can  be  characterized  by  a 
aingle  variable,  y. 

The  equation  of  motion  of  the  rigid  atructure  buried  in  the  earth  media  can  be  written  In  dif¬ 
ferential  form  as 


".y  =  ‘F,. -I'b, 

where  u,  U  the  mass  of  the  atructure  and  }  la  the  acceleration  of  the  structure. 

For  the  purpoaes  of  lUuatration  the  the  step- pulse  uoilbrm  field  will  be  treated  in 

som*’  d.tail.  Figure  S  presents  a  wvve  diagram  which  Uluatra' js  the  motion  of  the  structure. 

It  will  be  i  aivenicr.!  at  this  time  to  introduce  a  set  oi  dlmtnsianissf  variables  and  to  obtain 
the  solution  in  terms  of  these  new  variables. 


Let; 


T  =  C,t/D.  T  =  L/b. 


and 


It  follows  directly  that 

2  »  k  -  » .  X  •  »T 


3,.  »  1  *  •  ^  .  3,,  •  1/j  r 

3^,  =  1/2  T  ,  0  5  T  5  T 

3*.  •  1/2  IwT-Zj.  3^  .  r<T. 

Rr^wtlou  (14)  can  now  bo  rewritten  la  terms  of  the  rtlmsnilenlesi  vartaUes; 

Y  ♦  A  ■  ♦■J  A.  osrsr  (iq 

f  »  A  •  h*{l 'e*^)  --J/l*  r*d*wT.  TiT.  (U) 


ihe  eoluUon  to  Eq.  (19)  lor  the  loltlal  combi  Ions  ito)  =  t(0)  >  o  la 


Also 


f,  .  t 

sin  (/’**)  ♦ 

1  r" 

‘  ’  1 

1  2 

1 — 

We  defiae 


(18) 


V 


V(r) 


henc3.. 


(19) 


=  1 


1  ♦ 


.  «  i ,  ,  ■_ 

_  L  1  ♦  /< 


cot  (pr)  4 


tin  (f^r)  , 


(20) 


and 


u*  =  y  -  -— r  ‘  0 


1  ♦ 


ra 


1  ♦ 


1 

«  •  ^ 


tin  (0f)  * 


1  .  IL 

I  2 

'  V 


rot  (’■  '* ) 


The  loiuunn  of  Eq.  (16)  is 

^  r  1  ‘ 


V  :  .  -  U  - 

I  ‘  . 

i  1. 


-  u* 


tin  0r)  •I- 


L  ’  ‘  J 


cot  O^T) 


1  L  0^  J 


fill  (^T) 


5-^-u’ 


cot  (»<r)L  tin  (./T)  ~  i  ’  ♦  ffT  * 

l"7l 


5  T. 


(21) 


(22) 


Figure  Q  Ulfstrstes  various  results  (or  a  spsrUic  case. 

The  dtsplacemeiiu  given  by  Eq,  (11)  exhibit  an  oscillatory  nature,  superimposed  upon  a  mean 
ve'ocUy  o'  one*  hall  the  free -Held  velocity.  The  exponential  terra,  due  to  the  wave  forces,  decays 
quite  rapidly  and  in  geccral  does  uut  have  any  appreciable  effect  on  the  results  except  during  the 
very  early  portion  of  the  interactlou. 

The  effect  of  the  mass  paramsters  on  ths  structure  velocity  appears  prlrnrily  in  the  period 
of  osetUation;  the  larger  the  mass,  the  greater  the  peiio.1.  The  variation  of  ihe  net  force  -  ;>,,) 
is  alsj  "vcllUtory  iu  nature  and  is,  of  course,  affected  by  the  mass  parameter  in  (he  same  manner 
as  is  the  velocity.  The  normalized  .laak  acceteretlon  dccrcaa.-s  approxl'nately  llnes’-ly  wUh 
increasiiig  structurs  msaa.  The  arching  forces  acting  on  the  (root  and  on  the  hach  (aces  of  the 
structure  and  the  total  force  or  the  front  of  the  oti'icture  increases  quits  rapldh’  with  tt> .  .  The 
reason  for  (his  is  that  ths  relstive  dfaplareroeiit  tnersasss  with  Urns  since  the  iiiean  v.-'o  *-  of 
the  structure  le  only  one-hall  of  the  aot\  velocity. 

Stnee  the  value  of  (he  relief  time  parameter  i  waa  selectcu  iatuittvely,  a  comparlaon  araa 
made  of  the  total  force  acting  on  the  (roi  *  facv  U>c  structure  (or  the  aelected  value  of  »(•?), 

(or  <1  "I  and  (or  the  limiting  cat  c  of  «  •  0.  The  reaulte  do  not  chow  a  great  deviation  between  the 
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three  cases.  It  should  be  pointed  out,  hcwr-.rer,  that  the  limiting  case,  inherently,  posses.^"s 
reflection  coefficient  of  unity  as  oppeaeJ  tu  the  factor  tv>o  which  is  b<  -ig  used.  The  above  varia¬ 
tion  iii  a  represents  a  variation  of  1 100  percent  in  the  impulse  (lor  j  =  2)  due  to  the  reflection 
and  relief  of  the  shock  wave;  that  is,  tlie  impulse  due  to  the  force  in  excess  of 

The  mean  value  of  the  total  force  on  both  the  front  and  b,tck  faces  of  the  structure  is  equal  to 
1  *  (n  dtT  :  the  term  (- dir  is  due  to  the  relative  dlsplacemt .'.t  o' the  structuic  face  and  the  soil 
particles  and  the  term  "unity"  is  due  to  the  free-field  stress.  The  length  parameter,  :  ,  is  also 
influential  in  another  manner.  Since  there  is  no  dain’''ine  factci  involved  in  the  above  equation,  it 
is  expected  that  oscillations,  if  set  up,  will  persist. 

The  magnitudt'  of  these  oscillations  will  be  a  function  of  the  structural  parameters,  and  t. 
The  amplitude.  A,  of  the  .-scillaiic.-:  of  the  displacement  about  the  mean  is  given  by 

A  number  of  other  free  field  and  structural  parameters  v  -'re  ex.' mined  and  the  results  are 
discussed  in  Reference  1. 

A  brief  discussion  of  the  effect  of  structural  flexibility  and  a  shock  isolation  system  will  be 
summari;  id  here. 

The  isolatlcui  system  consists  of  surreuntUng  the  buried  structure  with  an  elastic  buffer.  The 
material  should  have  a  modulus  ol  elasticity  which  is  smaller  than  the  moculus  of  Uie  earth 
medium  which  surrounds  the  structure. 

For  this  isolation  system,  the  arching  force  is  modified  in  that  smaller  forces  are  required 
for  a  given  relative  deflection.  A  layer  of  material,  characterized  by  an  elastic  modulus,  E^,  and 
a  thickness,  is  placed  at  both  eudo  ol  the  i>tructure.  In  general,  i  «  D,  so  that  the  edge  effects 
are  not  predomiuant. 

The  arching  i..,rcc  liecomes 


where 

c  =  f/n 

-  ^  E  1  . 

Figure  7  illustrates  the  effect  of  this  parameter. 

The  mean  value  of  the  total  force  on  both  the  front  and  back  laces  of  the  structure  is  equal  tu 
f  ♦ 


In  treating  the  flexible  structure,  it  should  be  pointed  cut  that  it  la  desirable  to  uae  a  single 
variable  to  determine  tiie  position  of  the  structure.  In  this  analvsts,  the  ixe.rdlnate,  y.  Is  used  to 
specify  the  absolute  displacement  ol  the  center  (Uie  mass  venter)  of  the  structure.  It  w>li  Lv 
further  assumed  that  the  structure  will  be  shortened  uniformly  and  pro|iortioaiU  in  the  fcr<- 
applied  to  the  structure;  that  is, 


L'  =  L  -KFjtFfc)  (25) 

where  L'  Is  the  length  ol  the  structure  correapwoding  to  the  compressive  load  (Ff  i  F|,)  and  K  u 
a  flexibiUty  parameter  of  the  structure,  h  Is  possible  to  use  a  more  equitable  form  fur  Eq.  (26), 
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Fig.  7  -  Etfect  of  including .  ““Ch  *•  ‘«0 

an  iaoia'ion  lyaum  to  be  comprensed  to  different  lengthd.  The 

change  in  length  be.ug  prooortional  to  the  load  acting 
on  the  reapecUve  hail  would  complicate  the  aiialysin 
considerably  and  may  not  improve  the  results  appre¬ 
ciably.  It  is  thought  that  the  use  of  Eq.  (25)  will  yield 
a  good  lii-Bt  order  solution. 

I'he  resulting  equation  of  motion  is  independent  of  the  flexlbUity  parameter.  Therefore,  the 
motion  of  the  mass  center,  yf  t  >  is  identical  to  that  presented  previously  in  this  paper;  however, 
the  arching  forces  acting  on  the  structure  are  reduced  and  may  even  be  negative  up  to  the  value  of 
the  'vave  force.  The  mean  foi  ce  acting  on  each  face  of  the  flexible  structure  for  the  step  pulse 
case 


ffnf— L_1 - 

4  Ll  ♦  J'ij  (1  ♦  *>1) 


where 


-D*  Ttg  K 
'  '  4  ■  2D  ■  I 

where  the  term  unity  is  due  to  the  frev-field  stress  and  last  two  terms  are  due  to  the  relative 
displacement  between  the  .'mil  and  structure.  Figure  8  Illustrates  the  mean  arching  force. 
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THE  EFFECTS  OF  NUCLEAR  EXPLOSIONS  ON  DEEP 


UNDERGROUND  CYLINDRICAL  TMNNELS  IN  ELASTIC  MEDIA 


M.  L.  Baron 

P-'iul  Weidll.tger  Consultant* 
York  City 


Stress-time  '..ii>lury,  velocity,  acceleration  and  displacements  p'oduocd 
at  and  near  a  tunnel  boundary  by  waves  from  a  20  MT  surface  ^rst  are 
given  at  various  pressure  contours.  Stresses  arc  shown  for  both  P  and 
S  waves.  General  influence  coefficients  are  presented  to  allow  wider 
application . 


INTRODUCTION 

Nuclear  eiqiloalaaa  on  the  surface  of  an 
elastic  half-space  produce  a  complex  stress 
pattern  in  the  medium.  In  the  most  general 
case,  the  clrcularly-symmetrtc  surface  pres¬ 
sures  from  the  explosion,  which  eivand  radi¬ 
ally  outward  from  Ground  Zero  in  vace  and 
decay  in  time,  nroduce  a  stress  pattern  at 
points  in  the  im  f'lm  in  which  the  two  prin¬ 
cipal  stresses  change  in  magnitude  and  direc¬ 
tion  with  time.  The  diffraction  of  the  stress 
field  by  a  cavity  containing  a  hardened  under¬ 
ground  installation  must  be  considered  in 
order  to  obtstn  the  following  information: 

1.  Stresses  produced  by  the  dynamic 
loading  of  the  cavity  with  a  view  towards 
determining  the  strength  of  the  cavity  as  a 
wno'ic.  In  addition,  the  velocities,  displace¬ 
ments,  and  accelerations  cf  points  on  and  near 
the  cavity  boundaries  are  requii  ed  for  the 
detcrouuation  and  evaluaUon  of  shock  effects 
and  for  the  estsbtlahment  of  failure  criteria 
for  the  cavity  and  Us  contents. 

2.  Shock  spectra  for  (a)  total  accslera- 
Uons  Imparted  to  the  contents  of  the  cavity, 
and  (b)  the  relstlve  dtsplacements  ut  die 
contents  of  the  cavity  (relative  to  the  cavuy 
boundaries)  when  the  cavity  is  euveloped  by 
the  stress  waves  produced  by  the  explosion. 
The  cavUy  contents  may  be  shock  mountedand 
txic  shock  apec.'ra  are  required  for  optlmiilng 
the  design  of  the  Installatton. 


The  solution  to  the  general  problem  cf  the 
dl-fraction  of  the  rather  cumpucated  stress 
field  by  the  cavity  in  an  elastic  medium  can  be 
constructed  for  cases  of  interest  by  the  super- 
posKion  of  the  results  obtained  from  some 
tassic,  less  complicated,  problems,  which  will 
be  described  in  this  paper.  SpecU'ically,  the 
diffraction  of  the  stress  field  produced  iy  P 
(dilatational)  and  S  (shear)  waves  respectively 
with  plane  wave  fronts  are  considered.  In 
both  cases,  general  solutions  are  obtained  for 
a  step  pressure  in  time,  and  these  solutions 
can  then  be  used  as  influence  coefficients  to 
give  the  results  for  waves  with  arbitrarily 
time  varying  pressures  by  means  of  Duhamel 
Integrals. 

The  solutions  of  the  diffraction  problems 
for  the  P  and  S  waves  respectively  can  be 
used  to  construct  solutions  for  the  general 
case  in  which  the  Incoming  stress  history  has 
s  more  compllcsted  character.  Moreover, 
they  sre  of  direct  use  snd  importance  in  the 
•upereelsmic  range  (v  >  in  which  the 
loading  on  a  cavity  has  been  shown  to  consist 
of  P  and  8  waves  with  plane  fronts  carrying 
pressure  components  which  decay  in  time 
[1,3].  For  this  range,  tbs  solutions  represent 
an  sTpcoxlmate  answer  to  the  actoc’  r^"3lca! 
problem  and  can  be  used  directly. 

The  general  diffraction  pi-oblet.':  ti-  7  and 
8  waves  with  plane  front)  has  bee.-  coi...'>ietely 
solved  for  a  yllndrical  r  "lity  in  an  clsr-Uc 
n^edlum  and  the  theoretical  work  has  been 
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reported  in  [3,4].  Reoulta  have  ^n  otteloed 
with  the  aa8uii4>tioQ  that  the  cantv  contalnint; 
the  installation  is  unlined.  Practically  speak¬ 
ing,  the  problem  of  the  cavity  liajtg-struc- 
tured  or  aatl-spalling— ia  quite  important  in 
the  design  ol  these  tnof  lutinwM  and  must  be 
studied.  A  method  of  attack  in  which  the 
reaulta  obtained  lor  unlined  cavities  are  used 
as  Influence  coefficlonts  in  integral  equrtions 
for  the  corresponding  solutions  to  caviili 
with  ii:.ings  has  been  presented  in  [S].  Com- 
putatioua  have  been  started  on  some  problems 
of  this  type. 

The  neid  section  of  this  paper  gives  the 
results  for  stresses,  velocities  and  displace¬ 
ments  produced  at  the  boundary  of  a  cylindri¬ 
cal  cavity  in  an  elastic  medium  as  it  Is 
enveloped  by  plane  P  and  S  waves.  Curves 
are  presented  for  the  case  in  which  pressure 
inputs  in  the  waves  are  step  functions  in  time, 
as  well  as  for  waves  with  particular  decaying 
pressures  produced  by  a  hypothetical  20  MT 
surface  burst. 

The  final  section  of  the  paper  presenfs 
shock  spectra  curves  for  the  total  accelera¬ 
tion  and  relative  displacement  of  installations 
which  =i-e  shock  iiiouate<l  in  the  cavity.  Here¬ 
tofore,  Um  shock  spectra  used  in  this  type  of 
design  were  computed  from  free  field  iivut 
pressures,  ana  the  effects  of  the  diffraction  of 
the  waves  by  the  cavity  were  neglected.  The 
sho  spectra  which  are  prcauided  here  Include 
the  c<i.lra..tian  effects  and  they  are  conse¬ 
quently  more  appropriate;  they  will  now  super¬ 
sede  the  tree  field  spectra  and  ahould  be  of  uee 
la  obtaining  more  accurate  design  data  for  the 
shock  mounting  of  the  cavity  contents. 


The  frliowuig  recurring  symbols  are  uaed 
in  thld  paper: 

Velocity  ol  pressure  (P)  waves 
in  a  linear  elastic  solid. 

c.  Velocity  of  shtiar  (S)  waves  in  a 
linear  elastic  solid. 

f=  1  t  >  0 
Uft)  Ihilt  rtep  function  J 

U  n  t  <  f. 


STRE88E8,  VELOCFIIES  AND 
IHSPLACEKENTS  PRODUCED 
IN  AN  ELASTIC  MEDIUM  BY 
THE  DIFPRACnON  OF  PLAhHE 
”P"  AND  "IT  WAVES  BY  A 
CYUNDRICAL  CAVITY 

An  tnlinitcly  long  cylindrical  cavity  in  an 
Infinite  Mastic  homogeneous  and  isotopic 
medium  is  acted  on  by  s  plane  shock  wave 
whose  wave  '-oet  la  parallel  to  the  axis  of  the 
cavity.  The  shock  wave  px-opagates  thrcjugh 
the  medium  with  a  constant  velocity  (P 
wave)  and  envelops  the  cavity  (Fig.  1).  For 
generality,  it  is  assumed  that  tlie  direct  stress 
components  carried  by  the  wave  are  crV(  t )  and 
caU(t ),  which  are  remxectively  parallel  and 
perpendicular  to  the  direction  of  wave  propa¬ 
gation.  The  soluttm  of  this  problem  for  the 
pressure  J^ata  aU(t),  (c  :  O)  or  only, 

may  be  uaed  to  construct  the  solutions  toprob- 
lems  In  which  the  free  field  has  a  nwre  general 
nature. 

For  the  auperseiamlc  range  In  which  a 
component  of  the  Input  may  be  considered  as 
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Fip.  2  •  Zitcomlng  atep  pretaure  aU((),  <  =  0 


a  plane  wave,  [l,2j,  the  value  of  c  for  a  plane 
wave  front  muat  be  taken  aa  <  ■  >1/3  * 

The  complete  plane  strain  solution  to  the 
diffraction  problem  has  been  presented  bi  (3) 
for  the  etreesee  and  in  [1],  Appendix  n  for  the 
veloritios  and  dlaplacemeiits  which  are  pro¬ 
duced  in  the  medium  by  the  Incoming  shock 
wave.  The  present  paper  presents  some 
computed  results  for  both  incoming  P  (pres¬ 
sure)  and  S  (aheai/  waves. 

The  true  physical  problem  under  con¬ 
sideration  requires  a  semi-infinite  medium 
with  a  roughly  plane  boundary  at  i  -0.  In  the 
range  of  pracUcal  Interest,  it  may  be  shown, 
[6),  that  this  plane  boundary  has  no  slgniflcaiU 
effect  for  tunnels  where  the  depth  ”0"  Is 
greater  than  4  to  5  times  the  radius  of  the 
cavity,  "a' ,  since  for  such  installations,  the 


*A11  computation!  given  In  thi  •  iwp*  r  are  based 
on  a  material  in  wliich  the  Larnd  conelarta 
and  arc  equal;  this  correspond*  to  a 
Poisson's  ratio  ol  v  -  1/4. 


major  effects  such  as  maximum  hoop  stresses 
occur  at  the  cavity  boundary  at  times  which 
are  considerably  shorter  than  ths  arrival  Urns 
of  the  relief  wave  from  the  plane  surface  at 
.-O, 

Figurea  2-10  show  the  hnnp  stresaes  a,, 
produced  at  poiota  on  the  cavity  boundary  by 
the  P  and  3  waves  which  envelop  tlic  cavity. 

The  stresaes  are  presented  at  two  points  on 
the  cavity  boundary:  »  -  O’,  tbs  point  at  which 
the  shock  front  first  hits  the  tunnel;  and  $  >  00*, 
the  point  at  which  ths  maxlmuiu  stress  concen¬ 
tration  is  etqjiccted.  Figure  2  shows  the  hoop 
btross  at  the  cavity  boundary  which  la  produced 
by  an  incoming  plane  ahock  wave  with  a  step 
pressure  aislrlbutlcsi  In  time.  The  remilta 
obtained  for  long  times  must  approach  the  well 
known  static  solution  for  a  cyliiuU'i..;il  hole  in 
a  uniaxial  preaaure  field,  l.e.,  a  .'di .  con¬ 
centration  at  d  >  00*  of  3  (compeca.'  on)  whUn 
the  atreas  .it  ■  0°  lu  ^  ienision  eo.ua.  in 
magnitudr.  to  unity.  The  stress  ampUflcatlona 
due  to  toe  dynamic  loading  are  3.28  to  3  at 
1/ .  00°  and  1.16  to  1.10  al  (?  -  0°.  U  ia  alao  of 
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Fig,  3  -  Incoming  (tap  wnva  caU(€),  <  >  >1/3 


interest  to  note  that  for  a  step  pressure  input, 
the  luaxinauai  stresses  are  produced  at  abM 
4-S  transit  times  of  the  shock  wave  across  the 
cavity. 

Flsure  3  suows  the  correspoodinc  results 
for  a  plane  shock  wave  with  a  stop  pressure 
>U(t)  In  the  dlrecttOB  perpendin' tar  to  the 
proiMiKation  direction  of  tbs  wave. 

The  results  of  Figs.  >  and  3  nuty  be  used 
to  constnict,  by  aulUble  litUgratlons,  solu> 
tions  for  canes  in  which  tiie  fres>fleld  pres¬ 
sure  is  of  a  more  general  nature. 

Figure  4  shews  the  stress  U  e  *  0° 
and  ^  90°  for  a  step  shock  srave  with  apiane 

front  progressing  through  the  medior-  with  a 
velocity  c.  [the  staudard  *'P"  wuvu  of  Uuear 
elasticity  &eory|.  The  r*  quirement  of  aplaae 
wave  front  riccessitales,  m  addition  to  the 


direct  stress  coovonent  crUf  t'  in  the  direction 
of  wave  propagation,  a  transverse  pressure 
component  with  •  -  -1/3,  l.e.,  -1/3  U(t).  The 
stress  aaplUlcations  due  to  the  dynamic  load¬ 
ing  are  2.92  to  2.MT  at  17  >  90°  (compression) 
and  0.11  to  OJW  at  <7  ■  0*  (tension).  These 
results  may  be  used  directly  In  the  super* 
seismic  msgs  la  which  the  shock  waves,  which 
envelop  a  cavity,  are  esssaUally  ptans  waves. 

The  hoop  stress  vm,  produced  by  a  shock 
Wavs  with  a  unit  stop  prermire  distrihutioe  in 
time  may  be  used  as  on  iaflueur.e  function  to 
determine  the  corrrsponduu.  -tress  produced 
by  a  wave  with  a  tiiM  varyin,.  c  assure,  P(  t ) , 
by  the  IXihsms.  integralf  (P.c  3), 


*For  a  dlscuatioB  on  the  range  of  preeaure 
diatributioni  iqt)  for  which  chia  procedure 
can  meaaingfiiUy  be  applied,  the  reader  it 
referred  to  Ref.  [Ij,  Pf.  99  and  102  ft. 
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Fif.  4  •  iBcomUf  (tap  prataur*  >rU(().  i  ^  -l/i 


«T) 


Fif|.  S  -  Ouhamt'l  intagral 


‘'10  *  "00^(*  -T)  dr  (1) 

To  Uluftrato  tha  above  procedure,  Flge,  t  aod 
7  present  the  hoop  ut  /eaeea  produced  bjr  plane 


t  waves  with  deraying  preesure  time  his¬ 
tories.  The  pressure  histories  In  the  waves 
were  taken  as  those  pruhiced  on  the  nrlacc 
ot  the  nedtum  bp  a  90  IIT  surface  burst  at 
the  0500  pal  and  the  9000  pal  pressure  coo- 
lours  respectively.  These  pressure-time 
curves  have  been  givan  by  Brode  (7).  The 
cavity  was  assumed  to  have  a  radius,  a  a  n.S 
feet,  la  an  elasUc  medium  la  which  c.  -  17,300 
It/eec.  aad  r,  -  10,000  l*/eec. 

B  Is  of  Interest  tc  note  that  the  ampliflea- 
tlca  of  the  compressive  stress  at .  -  uver 
the  peak  pressure  P  la  the  Incoming  ave 
was  3.25  for  thii  3000  psi  ioitilag  and  '  80  for 
the  0500  pel  loadinc,  as  compared 
for  a  sUp  pressure  loaeliag.  Sfoc.,  U,., 
pressure-tJ  .e  decay  for  .!;•  £000  pal  rave 
waa  considerably  slower  than  that  for  the 
6500  pal  wave,  the  hoop  atressea  are  cloecr 
to  those  produced  by  a  step  wave  for  itde 
case. 


90‘ 


Figure  8  show*  the  hoop  atresa*  at 
^  >  0°  and  '  «  45'’  lor  a  plane  atep  aiicar  wave 
with  a  plane  front  and  a  conatant  velocity  r, 
(the  Mandard  S  wave  of  linear  elasticity  the- 
oiy).  At  long  tlmea,  the  atreaa  approachea 
the  static  aolutlon  for  a  cylindrical  bole  m  a 
bl-axial  preaaure  field  that  protkeea  thei>hear 
atreaa  distribution  whirl,  the  wave  carries, 
I.e.,  4  atreaa  ampllficatian  at  ^  ■  45*  ot  4 
(compreaalon).  The  amplUlcatloa  of  the 
atreaa  by  the  dynamic  loadlna  la  1.31  to  4  at 
&  >  45'  and  occura  at  about  2.5  transit  time* 
of  the  S  wave  across  the  cavity. 

In  the  superaelsmic  range  (the  velocity  of 
tlie  air  shoca  v  on  the  surface  is  greater  than 
Vp),  the  pressure  waves  which  propagate 


vThc  theoretical  derivation;)  for  the  diffraction 
of  S  waves  by  the  cylindrical  C'.vttyara  given 
ill  Appendix  C,  Ref.  [1 ). 


through  the  medium  are  standard  P  and  S 
waves  with  plane  fronts,  buth  and  Cole  have 
shown  that  these  waves  can  be  considered  to 
have  tile  same  pressure-time  hictury  as  the 
surface  pressure,  and  amplitude  lactO'S  which 
at  e  defined  by  the  Mach  numbers,  V/c  and 
v  r  .  [See  Appendix  A,  Ref.  [1],  Fig.  S].  If  the 
cavity  Is  located  at  a  sufficient  depth  so  tliat 
surface  wave  effects  are  negligible,*  one  can 
obtain  a  reallKic  picture  of  the  stress  build 
up  at  tiie  cavity  boundary  by  superimposing  the 
liuomlng  P  and  S  waves  with  their  proper 
Sinplltude  factors  and  time  delays  due  to 


VTh*  Hath-Colr  •I'lutioi. .^'ir  wav*  prugreastng 
acrosr  tii«  >urf....«  of  .1  ..  .  ii-infinit«  elastic 
half  spacs  doer,  not  inci-  .  .eyiriy^  Hurface 
wave  effects.  For  a  I’-s.:.-  -ion  of  the  effect 
r.'  Rayleigh  ’..tv.-v  on  frv.  -field  etressee 
>  roduced  in  the  elastic  medium  by  surface 
uaploslons,  the  reader  ie  referred  to  Sec.  (6) 
and  ApiwndU  B  o'  Reforenc*  [ij. 
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Fig.  7  •  Decaying  loading,  P  :  ZOOO  pai,  (  =  •!/}, 
d  »  35  feet,  Cj.  -  17,300  (t/aec 


different  angle*  of  inclination  and  veloritlea  of 
propagation.  An  example  of  thin  superpoailioa 
is  .•>hown  in  Figs.  9  ar.u  10  for  a  cavity  of 
radius  ..  -  17.5  feet,  located  at  a  depU  of  500 
feet  at  (he  6500  psi  surface  pressure  contour 
Tor  a  20  MT  surfacu  burst.  The  P  and  S 
wave*  which  travel  through  the  medium  and 
envelop  the  cavity  are  siiown  in  Fig.  9.  Du* 
tv.  '..he  difference  In  propagation  vclocitis*  of 
the  two  waves,  th«  delay  time  bstween  th« 
arrival  of  the  P  and  3  waves  Is  considerably 
In  excess  of  5  transit  times.  Consecuentty, 
for  the  particular  case,  the  peak  hoop  stress 
is  pr&luced  by  the  P  wave  alone  at  (i  »  90* 
and  at  early  times  before  the  arrival  of  the  8 
wave  at  tiic  cavity.  It  should  be  noted,  how¬ 
ever,  that  a  considerable  Impulse  Is  Imparted 
to  the  (-av.ty  by  the  8  wave  at  a  latsr  Urac  and 
hence,  any  shock  spectra  lor  Installations 
which  are  mounted  on  the  cavity  must  inclsd* 
the  effects  of  txith  the  P  and  3  waves  on  the 
cavity. 


The  theoretical  development  of  the 
expression*  for  the  displacement  and  veloc¬ 
ity  components  •,  v,  »  and  i  which  are 
produced  at  points  In  the  elastic  medium  Is 
given  In  Appeiidlx  O  of  Ref.  [1|.  Numerical 
results  sr*  presented  for  these  quantities  at 
points  In  the  cavity  boundary.  As  In  ths  css* 
of  tbs  stresses,  tbs  velocltiss  and  dlsplace- 
mants  produced  by  s  step  abock  wav*  may  b* 
used  as  influence  functiuos  to  dstermln*  the 
rorrenpondlng  quantities  produced  by  a  way* 
with  a  time  varying  pressure  r(  t  >  by  Duhamel 
Intekrals  similar  to  Eq.  (1).  In  turn,  tbsat 
results  can  b*  used  s',  input  functions  (or  the 
dsiermbisiinn  of  the  arreleratln.  -is 
placement  shock  apsrtra  which  an*  gfuen  la 
8sc.  (3)  of  this  psper,  Fig<.  ice  11  a-  '  12 show 
th*  radial  and  tangantial  velocitls- ,  .  nd  v 

rsapsctlvely,  which  aro  produce',  b*'  »  nlaa* 
atop  press  .  *  wave  (P  .<ve)  at  varlo  -u  puluU 
on  the  cavity  boundary. 


Ilk 


The  mean  (rigid  body)  iransUtional 
motion  of  the  cavity  boundary,  In  whicn  the 
cavity  retains  its  cylindrical  shape  and 
translates  in  the  direction  of  the  shock  wave 
propagation,  is  extracted  from  the  total  motion 
of  the  cavity  in  Appendix  D,  Ref.  [1],  Figure 
13  shows  the  mean  (rigid  body)  displacement, 
velocity  and  acceleration  of  the  cavity  bcund- 
ary,  under  the  step  pressure  shork  wave 


Fig.  9  -  P  and  S  wave* 


loading.  The  Duhamei  technique  can  ejain  be 
applied  to  obtain  ‘hese  results  for  incoming 
sr.ock  waves  with  time  varying  pressures. 


SROCK  SPFCTRA  FOR  INSTALLATIONS 
IN  CY-INDRICAL  CAVITI£3  IN 
ELASTIC  MEOIA 

til  notion  of  points  on  the  boundary  of  a 
cavity,  subjected  to  shock  waves,  impart 
accelerations  to  installations  which  are  located 
within  the  Lmnel  and  are  attached  to  these 
points.  In  many  cases,  these  installations  will 
be  quite  xhock  sensitive,  and  consequently  they 
may  require  special  mountuigs  to  absorb  the 
shock  effects  produced  by  the  pressure  waves. 

in  order  to  optimalize  the  designs  of  the 
shock  mounted  equipment,  shock  spectra  lor 
(1)  the  peak  relative  dicolaccment  of  tl.. 
installation,  with  respect  to  (lie  motion  of  the 
points  on  the  cavity  boundary  to  v.hich  it  is 
att<..hed  and  (2)  the  peak  absolute  accelei  ation 
wl.ich  is  imparled  to  Iht  uhock  mounted  instal¬ 
lation,  are  required.  The  spectra  give 

the  acceleration  design  requirements  for  a 


Fig.  10  -  IIouj*  P  =  rSOO  pul,  ■  =  17,5  feel, 

drpi  I  «  *.00  feet,  *  17,300  ft/eec. 
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Fig.  11  -  R?  .i«iX  velocity  MO,  t) 


Fig.  13  •  Mean  (rigid  body)  motion  of  a  cavity.  Shock 
loading  *  P  wav«  with  unit  ale];  pretaure  ard  <  -  ~l/i. 


given  shock  mounted  inaUitatlan:  Uk.  former 
give  Uie  clearance  requirements  fur  the 
mounting  of  the  tnstallstlOB  in  tha  cavity. 

Tits  theoretical  formuiations  for  the 
dclermlnatlan  of  these  shock  spectra  (or 
W'c:  which  carry  decrtytng  prossures  as 
givsa  by  Brods  (8]  ars  prssantsd  in  Appendtr 
B  of  Ref,  [1],  This  analytical  treatment 
includes  the  diflractton  effects  produced  by 
ths  dlfiraction  oi  the  shock  wave  by  the  cavity. 
Heretof.re,  shock  spectra  used  in  the  design 
of  underground  installations  were  c  imputed 
from  the  Irre  field  input  preecures  only  and 
the  diffraction  effects  were  neglected.  Con- 
sequeatiy,  the  shock  spectra  presented  in  this 
paper  at  a  mors  accurata  and  nhould  auperseds 
the  free  f  til.l  •v«ctra,  perticularly  (or  instal- 
latloos  in  which  the  ahock  mounted  equipment 
ban  high-frequency  componenta. 


For  ii!.  strativc  p'jrposes,  ahock  spectra 
(or  cavities  acted  on  by  incoming  P  w  ives* 
with  Brode  pressure  inputs  from  a  SO  MT 
surbee  burst  are  presented  in  this  section. 
As  a  comparison,  the  free  field  aoceleratton 
spectrum  is  also  shown  in  each  case. 

It  should  bo  noted  that  the  a’  'ick  plectra 
which  are  preeented  here  aa  tltcstratlva 
examples,  ars  baaed  on  an  input  of  a  alisrp 
(rai‘ed  prsasure  wave  wiih  a  sero  rise  time. 


*For  practical  applications  (or  -.avitio  iucatad 
at  a  given  point  relative  io  Uru'.  r-  Zero  in 
the  elaetic  media,  the  inpu.  illepir..  lent  for 
the  determination  of  the  shock  .  a  mue* 

be  evaluated  from  the  compi  le  ^’ceeure 
•oadingon'  le  rcvity.a,  ..in the  eurwr  .('itmlc 
range,  by  .ne  combined  effect  produced  by  tbe 
loading  P  wave  and  tha  trailing  S  wave. 
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Fig.  14  -  Idralixed  itiathemxticai  model 
uscu  i*!  conhTrtirting  shocl.  spectra 


For  the  case  of  a  presau.^e  wave  with  a  finite 
riae  time,  the  intensity  o',  ute  h^^-frsquency 
portioua  of  the  shock  spei  tra  would  be  aub- 
ataiittally  decreased. 

Figure  14  ahowa  the  idealized  mathe¬ 
matical  model  used  in  the  conatnictlan  of  the 
shock  spectra.  The  problem  is  idealized  by 
considering  a  linear  oscillator  consisting  of  a 
concentrated  mass  m  on  a  linear  spring  of 
constant  k.  The  oscillator  is  attached  to  a 
support  which  is  subjected  to  a  mosion  equal 
in  magnitude  to  the  diaplacement  of  the  point 
or  pointa  on  the  cavity  boundary  at  which  the 
mass  is  attached.  Le'.cing  the  Replacement  of 
the  Euppoi  t  and  of  the  mass,  both  related  to  a 
fixed  datum,  be  Oft)  and  V(tT  respectively; 

‘.he  rt'latlve  motion  of  the  mass  n  with  respect 
to  the  support  is  V(i)  -  Oft).  The  equstion  of 
motion  of  the  oscllUtor  Is 

y  ♦  (Y  -  j)  =0  (J) 

whers 


For  Initial  rest  conditions,  the  solution  of 
Eq,  (2)  IS  given  by  ttM  iKteetal 


V(t',  5  r  wD<t)  is«  j(t -t)  dr.  W 

•V 

For  a  given  value  of  <..,  (he  peak  accelemtion 
of  the  mass  M,  and  the  peak 

relative  displacement,  are  eval¬ 

uated  and  the  peak  abwiute  acceleration 
apertra  and  peak  relative  disilscement 
spectra  ars  constructed. 


Figure  IS  shows  the  acceleration  and 
relative  dlsplacec'.cDt  spectra  for  uiasses 
which  are  mounted  in  the  cavity  so  that  they 
react  to  ihe  average  motion  of  the  cavity,  i.e., 
a  rigid  body  translation  of  the  cavity  m  tiie 
direction  of  the  shock  wave  propagation,  An 
example  of  such  a  mounting  i  ’  uld  be  whe  rc 
the  mass  la  coopcctcd  as  rigidly  as  possible 
to  a  stiff  structural  llr'ng.  ft  is  noted  that  the 
peak  accelerations  are  consioerably  smaller 
‘Jian  those  giv  by  the  free-field  shock 
spectrum. 

Figures  16  and  it  give  the  corresponding 
shock  spectra  (or  masses  which  are  mounted 
by  a  linear  spring  to  the  cavity  boundary  at  the 
points  d  a  0°  and  fl  «  ISfF .  In  both  cases,  the 
spectra  sUowtag  (or  diffraction  differs  con- 
sldersbly  from  tha  free  field  spectra.  The 
peak  accetei-atlons  (or  a  point  a  0°  ate  con- 
aldsrably  Increassd  by  the  diffraction.  How¬ 
ever,  the  opposite  sttustlon  prevails  at 
i>  a  180*,  in  which  the  shock  accelerations 
Including  diffraction  effects  are  lower  than 
the  free-fleld  values. 

In  each  case,  a  pressure  wave  (P  wave), 
carrying  a  Brode  input  pressure  from  a20MT 
aurfare  burst  (r,  >  6500  psi)  was  considered. 

It  is  obvious  that  the  most  favorable  con¬ 
ditions  fur  shock  effects  will  be  encountered  if 
the  equipment  can  be  shock  mounted  so  that  it 
wUl  react  to  the  average  (rigid  body)  motion 
ol  the  ccvlty  as  a  whole,  rather  than  to  the 
motions  M  inctvidual  points  on  tho  cavity 
boundary.  However,  such  mountiags  rosy  be 
vary  difficult  to  eVitain  prscUcally.  Moreover, 
one  should  note  that  most  points  on  the  cavity 
boundary  wlu  .adergo  both  radial  and  tan¬ 
gential  displacements  and  snoiK  apectrs.  for 
both  directfons  will  be  rcqui*' .  >. 
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Fig.  17  -  Shock  spectra  for  motion  at  Hie  boundary  point  b  -  180°; 
P„  =  6:00  pii,  Cp  -  17.300  ft/ see,  ■  =  17.S  ft/ sec 
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This  paper  approaches  the  problem  of  structure-soil  interactir  r  by  sim¬ 
plifying  the  basic  problem  to  its  essential  elements  in  order  to  minimize 
tile  matnematics  and  bring  out  the  essential  physical  relationships  in¬ 
volved. 


INTROJUCTION 

Tiie  tiiajorily  of  underground  structures 
tor  hardened  installations  being  constructed 
and  pruposod  for  future  construction  are  shells. 
These  include  aiches,  domes,  cylinders,  coni¬ 
cal  shells  and  toroids.  There  exists  a  consid¬ 
erable  vulur.'.p  of  literature  on  the  design  of 
shells  to  resist  blast  waves  above  ground. 
Kowever,  the  field  if  dynamically  loaded 
underground  soc''  ofructures  is  still  in  its 
infaiicy.  It  is  nut  surprising  that  the  work  that 
lus  been  accomplish^  has  shown  that  the  dy¬ 
namic  behavior  of  underground  shells  differs 
markedly  from  the  behavior  ol  similar  above 
ground  structures. 

It  is  the  purpose  of  this  paper  to  consider 
the  general  behavior  of  the  shell  structure  in 
'he  underground  condition  rather  than  to  go 
into  a  detailed  mathematical  analysis.  It  is 
the  intention  to  take  an  overall  lo^  at  the 
problem,  considering  only  the  major  physical 
efitcts  and  utllviing  gross  simplifications 
where  possible,  so  that  the  picture  presented 
will  be  simple  physically  and  unobscured  by 
mathematical  details.  Thus  the  results  ob¬ 
tained  will  be  (ar  short  of  a  final  solution  to 
the  problem  but  will  have  the  virtues  of 
simplicity  and  Intuitive  reasonableness.  The 
results  bound  the  problem  and  direct  attention 
to  areas  deserving  more  rigorous  study. 


DAMPING  AND  RESISTANCE  TO  MOTION 

When  a  shell  Is  immersed  In  :30ll  there 
are  two  major  physical  effects  which  Influence 


tl:  response  of  the  str'cturc  to  dynamic  lead¬ 
ing.  These  are  the  damping  effect  of  the  soil 
and  the  resistance  to  inoiion  offered  oy  the 
soil.  We  normally  think  of  damping  as  a  con¬ 
version  of  mechanical  energy  into  heat.  How¬ 
ever,  if  a  vibrating  system  is  considered  *0  be 
a  sy^em  within  which  a  cyclic  interchange  of 
energy  between  the  potential  and  kinetic  states 
takes  place,  a  more  generalized  concept  of 
damping  Is  any  mechanism  which  removes  a 
portion  of  the  cyclic  energy  from  the  vibrating 
system  during  the  course  of  a  period  of 
vibration. 

If  a  structure  Is  set  into  vibration  in  a 
vacuum  it  will  exhibit  a  spectrum  of  discreet 
natural  frequencies.  If  this  structure  had  no 
damping  the  vibrations,  once  set  into  motion, 
would  continue  indefinitely.  In  air  the  vibration 
of  even  this  theoretically  perfect  structure 
would  slowly  decoy  because  a  slight  amount  o( 
energy  would  be  removco  by  radiation  through 
the  air  during  each  cycle  of  vibration.  Now,  if 
the  same  structure  was  to  he  Immersed  in 
soil,  regardless  of  the  ascuined  properties  of 
the  soil  (elastic,  elastoplaslic,  or  other),  free 
vibrations  would  be  damned  out  at  a  much 
greater  rate  because  a  larger  portion  of  the 
total  cyclic  energy  '-ould  be  radiated  during 
each  cycle.  The  single  property  br.t  •'.tuct  bo 
postulMed  to  Insure  this  eftect  is  that  the  soil 
be  capable  of  transmitting  (  ucrgy  w.<  '  is,  re¬ 
gardless  of  the  mechanism  of  the  f  ra  .  mission 

The  ar.  urate  genet  .1  solution  of  iKis  prob- 
blem  is  quite  complex  even  for  an  assumed 
ideal  clastic  soil.  At  least  two  types  of  waves, 
the  compression  waves  and  t'le  shear-  waves, 


/ 
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Ulust  be  considered.  These  t:  -ivel  at  different 
/etocities  and  arc  indnceri  by  different  compo¬ 
nents  bf  the  same  motion.  But  tlie  mathematical 
problem  can  be  greatly  simplified  if  the  hypo¬ 
thetical  soil  within  which  the  structure  is  im 
mersed  is  asrumed  to  have  identical  velocities 
of  propagation  of  shear  and  compression  waves. 
Oi  course,  we  are  not  likely  to  find  real  soil 
having  this  remarkable  property.  However, 
we  can  determine  something  oi  the  nati  ■  c: 
the  .■’opcral  phenomena  by  assuming  such  a 
material.  It  turns  out  that  the  nee  response  is 
rather  Inst  "sitive  to  differences  ''e*v.'e!!n  the 
propagation  velocities  of  shear  and  compres¬ 
sion  waves  and  that  acceptable  accuracy  can 
be  obtained  by  using  a  weighted  average  of  the 
two  wave  velocities.  A  method  fur  computing 
the  weighted  average  is  given  in  the  Appendix. 
Its  value  is  generally  over  90  percent  erf  the 
compressional  wave  velocity. 

With  this  simplification  of  etnial  seitmic 
velocitiCw  for  shear  and  compression  waves, 
the  equation  of  free  vibrailon  of  each  norma* 
mode  bccon>es  identical  with  the  equation  i 
free  '.‘ibration  of  a  mass-spring-dashpot  sys¬ 
tem.  Solution  ot  this  simple  equal*  an  results 
in  the  following  formula  for  .  ,  the  ratio  of 
actual  damping  to  critical  damping  for  a  soil 
immersed  shell  structure: 


2  »t) 


(1) 


whei '  V  a  soil  density  In  Ib/ft  * 

c  M  weighted  seismic  velocity  inft/sec 
■  *  shell  unit  weight  in  Ib/ft  ’  and 


li  a  undamped  shell  circular  frequency 
in  radian/sec. 


An  imi'orlaiit  result  of  the  application  of 
Eq.  (1)  IS  that,  (or  shell  geometry  with  which 
ve  are  ordinarily  concerned,  it  turns  out  that 
the  drat  several  modes  of  reasonably  propor¬ 
tioned  structures  are  over-crittcally  damped. 
That  is,  when  immersed  In  soil  the  modes  will 
not  ring,  but  will  respond  to  an  imposed  defor- 
matiui  with  so-called  dead-beat  motion.  The 
phenomenon  can  be  observed  very  easily.  Taku 
a  small  bell,  ring  it  and  plunge  it  into  a  pan  of 
water.  The  vibrations  lire  damped  out  instantly. 


Were  it  not  (or  the  direct  restraining  ef¬ 
fect  of  the  soil  the  circular  frequency  to  be 
used  In  Eq.  (I)  would  be  just  the  c'rcular  fre¬ 
quency  of  vibration  as  ordinarily  computed 
for  the  structure  vibrating  In  air  o<  more 
strlctlv  in  a  vacuum.  Huwev;  r,  the  soil  does 


have  resistance  and,  therefore,  Uie  circular 
frti'  lency  of  the  structure  vibrating  in  soil  is 
ir.c'  .ased  over  the  value  that  it  iias  vibrating 
in  air.  Making  the  simplest  approximation 
that  one  can,  we  assume  that  the  rsslatiiig 
force  is  linearly  proportional  to  this  displace¬ 
ment.  Then  the  relation  lietween  the  ciicular 
frequency  in  soil  and  the  circular  frequency  in 
air  is  found  to  be 

,.2  -  (2) 


where 


.,  a  uttiamped  uliell  circular  frequency 
in  vacuum  (rad/sec) 

<C  '3  soil  resistance  >'-.  for  (Ib/ft^) 

(  a  grawily  constant  (ft/sec  ’) 

Cl  -  i!  cuuipression  wave  seismic 
vehwlt-'  (ft.'sec) 

>  >  Poisson's  ratio  of  the  soil 

V  a  a  characteristic  length  of  the 
Mructure  (ft). 

The  proportionality  factor,  K,  depends  on 
the  struciure  size  and  configuration  as  well 
as  on  the  soil  properties.  In  (set  *•  is  nrob- 
able  that  a  sophisticated  analysis  would  show 
that  it  Is  not  a  constant  over  the  surface  of  a 
given  sttuctsre.  However,  since  even  the 
simplified  cqfuation  (Eq.  (2))  involves  Poisson's 
ratio,  a  tesuous  constant  (or  soil,  it  is  doubt¬ 
ful  that  the  value  of  K  can  ever  be  more  than 
an  estimate.  For  cylinders  the  characteristic 
length.  \ ,  is  the  cylindrical  raiiius:  (or  spheres 
it  is  half  the  spherical  radius. 


DYN/MIC  IJMOING  AND  RESPONSE 

The  dynamic  loading  of  an  underground 
shell  structure  differs  signiflrantly  in  at  least 
one  respect  (c.'im  the  conditions  discussed 
previously.  The  energy  of  motion  does  not 
iiegin  whsi.;  the  structure  and  then  become 
radiated  through  the  suit  u.'  the  mot'oii  of  the 
structure.  Ratiicc  it  is  ^iround  shock 
waves  proceedint.  Uirouun  .le  soil  which 
impinge  on  the  structun  .  se  will  ii;.:sider 
the  effect  ef  'his  diffCi  eii  -e  Figure  1  ilius- 
>ates  three  MCi'ossive  •nh.ams  during  the 
history  of  the  enguifnient  ot  a  cylinder  by  a 
ground  shock  wave  which,  fnr  convenience. 
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Fig.  1  -  Reflection  nf  wave  from  shell 


is  assumed  tn  have  an  aorupt  rise  at  Point  "A" 
the  pressure  would  be  the  wave  front  pressure, 
at  I^int  "B",  however,  the  pressure  would  dif¬ 
fer  from  that  at  "A".  Depending  on  the  char¬ 
acteristics  of  the  structure  and  the  soil  in 
which  it  is  immer  led,  the  pressure  at  Point 
”3'  .  ight  be  cither  lower  or  higher  than  at 
"A".  Actually,  the  pressure  at  "B''  can  be 
considered  tu  be  composed  of  three  compo¬ 
nent.,  when  viewed  from  the  outside  looking  in 
and  of  two  components  when  viewed  from  the 
inside  looking  out.  The  three  components  are: 

(1)  the  incident  wave  or  free-field  pressure, 

(2)  the  pressure  introduced  by  deformation  of 
the  soil  by  the  structure  which  we  might  term 
the  "deformation  pressure,"  and  (3)  the  pres¬ 
sure  resulfne  from  the  wave  reflection. 

In  elastic  materials  this  third  pressure  it 
proportional  to  the  velocity  of  the  Mnt  "B" 
on  the  surface  of  the  structure  with  respect 
to  the  free-field  particle  velocity.  The  two 
components  of  pressure  whose  sum  is  equal 
to  the  sum  of  the  three  components  Just 
enumerated  are;  (a)  the  pressure  due  to  Uie 
deformation  of  the  structure;  for  a  statically 
loaoed  structure  this  would  be  the  entire 
interface  pressure,  and  (b)  the  pressure  due 
to  the  inertia  of  the  structure,  the  so-called 
inertia  force. 

The  vector  equation  of  motion  of  the 
structure,  in  peneralUed  furni,  making  use  of 
the  simplifications  previously  Introduced,  is 
shown  in  Fig.  1.  Each  term  in  the  equation 
can  be  identified  with  its  physical  counter¬ 
part.  The  terms  are  net-ordered  in  the  usual 
way  but  grouped  as  Just  discussed.  For  a 
statically  loaded  structure  all  terms,  except 
the  first  une  on  the  left  and  the  first  one  on 
the  right  side  o(  the  equal  sign  would  be  equal 
to  sero.  Tnis,  in  (act,  defines  the  ger..;rallzed 
linear  vector  operator  L .  Note  that  in  the 
equation,  the  absolute  free-field  displaremeni 


of  soil  parMcles  is  represented  by  <  and  ihe 
relative  disp  ^cenlent  of  structure  with  respect 
to  free-field  soil  particles  is  represented  by  a. 

Figure  2  shows  the  vector  equui.on  with 
the  terms  regrouped.  Also  it  shows  the  corre¬ 
spondence  between  the  terms  and  me  terms  in 
the  equation  of  motion  of simple  mass-spring- 
dashpo'.  system.  It  should  be  noted  that  the 

i  function  (or  the  vector  equation  is  equal 
to  tile  algebraic  sum  o(  the  free-field  pressure 
P,  the  deformation  pressure  Ku,  and_the  free- 
tield  acceleration  of  the  structure,  m  : .  Now  if 
we  assume  that  ihr  damping  factor,  C,  of  the 
second  equation  is  sufficiently  large  that  the 
system  is  over-crilically  damped,  then  the 
response  of  the  mass-spring-dashpot  system 
appears  as  shown  on  ‘lie  accompanying  graph. 
Whether  or  not  ttie  response,  > ,  overshoots 
the  static  displacement  depends  on  the  rale  of 
decay  of  the  init.al  portion  of  the  sc  tc  dis¬ 
placement.  In  any  cveul,  for  a  monotonlc 
static  dl^lacemenl  the  resp''rse  asymptotl- 
•  ally  approaches  the  static  displacement  after 
a  certain  time  inter'.  .'-I.  If  the  static  displace¬ 
ment  has  a  significant  ri.si  tl  .le  then  the  re¬ 
sponse  almost  invariably  lies  below  the  static 
displacement. 

Each  normal  mode  of  the  structure  can  be 
represented  as  a  mass-spring-dashpot  sys¬ 
tem,  though  admittedly  (or  a  real  structure  it 
might  be  a  considerable  task  to  determine 
sccurately  the  shape  of  the  normal  modes  and 
the  history  of  the  various  waves  of  energy 
propagating  through  the  soil.  However,  the 
over-eritically  damped  modes,  which  include 
the  Important  modes  (or  moat  realistic  struc¬ 
tures,  tend  to  approach  asymptotically  not  the 
aUtic  displacement  corresponding  to  the  free- 
field  pressure  but  to  the  difference  between 
the  static  displacements  corresponding  to 
Irec-field  pressure  and  the  deformation  pres¬ 
sure,  the  term  di  havini;  practically  vanished 
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shortly  alter  structure  engulfment  by  the 
R’round  pressure  wave.  The  CL'mputatlons 
ned'.ssary  to  evaluate  these  (actors  with  aoy 
decree  rf  accuracy  are  quite  tedious.  How¬ 
ever,  certain  physical  arguments  obviate  the 
necessity  (or  carrying  out  these  computations 
and  at  the  same  time  bring  out  certain  impor¬ 
tant  design  consideration.  It  should  be  noted 
that  the  response  ol  the  mass-sprlng-dashpot 
system  shown  (Fig.  2)  is  essentially  .qur  i- 
static  alter  some  time  t ' ,  that  is,  the  re¬ 
sponse  obtained  from  an  ticcuralr  -tynamic 
solution  is  practically  the  same  as  would  have 
been  obtaineu  had  tlie  instantaneous  load  F  been 
applied  as  a  static  load  and  dynamic  effects 
neglected.  The  time  t* ,  it  is  true,  occurs 
shortly  after  peak  response.  However,  the 
decrease  In  displacement  from  '  .ak  displace¬ 
ment  to  that  at  time  t  *  is  very  small.  Thus 
we  can  conclude  for  each  normal  mode  of  the 
shell  structure  that  by  the  time  that  peak  dis¬ 
placement  and  peak  stress  are  devet(^>ed,  the 
stresses  and  displarements  will  be  very 
nearly  those  developed  by  a  quasi-static 
process. 


Membrane  Structures 

Consider  now  a  restricted  class  of  struc¬ 
tures  —  the  so-called  membrane  structures. 
These  are  shells  having  walls  sufficiently  thin 
that  the  pressures  resisted  by  bending  are 
negligible  in  comparison  with  the  pressures 
It.  -'ted  by  tensions  and  c.nmpresslons  of  the 
miodle  surface  of  the  shell.  If  such  a  struc¬ 
ture  is  Immsrsed  In  soil  or  other  media  which 
develops  pressure  to  resist  deformation  of  the 
structure,  and  If  a  nonuniform  static  loading  Is 
applied  to  the  structure  through  the  soil,  the 
structure  will  tend  to  deform  In  such  a  way  that 
the  Interface  pressure  between  soil  and  struc¬ 
ture  is  uniform.  The  degree  of  uniformity 
actually  achieved  depends  on  the  characteris¬ 
tics  of  both  soil  and  siruclure.  For  develop¬ 
able  shells  such  as  cones  and  cylinders  the 
degree  o<  uniformity  is  tery  nearly  porlsct, 
limited  only  by  the  departure  of  the  real  shell 
from  ths  ideal  membrane  shell  and  the  changes 
ol  radius  of  curvature  resulting  from  defor¬ 
mation.  On  the  other  hsnu,  for  nondevelopablc 
structures,  MKh  as  domes  and  toroids,  there 
is  a  limit  to  the  amount  of  deformation  that 
ttie  shell  can  undergo  without  rupture.  U  the 
soil  is  so  stUf  that  the  full  deformation  pres- 
iaire  can  be  mobllucd  at  a  fraction  of  the 
tolerable  shell  deformation,  tb^n  these  shells 
also  will  achieve  a  state  of  nearly  uniform 
ir.terface  pressure.  On  the  other  hand,  if  ths 
soil  is  very  soft  so  that  large  deformations 
are  necessary  in  order  to  mobilise  ‘.be  full 


deformation  pressure  then,  if  the  shell  has 
been  adequately  proportlui.cd,  it  will  achieve 
an  e  :ilibrium  configuration  in  which  (he 
interface  pressure  is  nonuniform  and  the  shell 
is  not  ovorstressed.  In  either  event,  the  ter¬ 
minal  configuration  of  the  shell  can  bo  deter¬ 
mined  by  static  analysis. 

One  further  point  is  worthy  of  note.  If  the 
shell  has  a  widely  qiaced  spectrum  of  natural 
frequencies  then  the  most  severely  excited 
modes  are  generally  those  of  the  lower  fre¬ 
quencies.  Thus,  If  the  first  few  modes  are 
over-critically  damped,  by  the  time  the  lowest 
frequency  and  most  severely  excited  mode 
has  reached  its  maximum  response  the  other 
modes  will  have  already  reached  the  state  of 
quasi-static  response  with  their  corresponding 
forcing  functions.  Therefore,  if  for  a  partic¬ 
ular  structure  it  can  be  established  that  the 
significant  modes  are  over-critlcally  damped, 
then  for  desi^m  purposes  it  is  necessary  only 
to  determine  the  frequency  of  the  fundamental 
mode  and  the  time  required  for  it  to  reach 
maximum  response.  The  various  components 
of  pressure,  oorizontal  and  vertical,  existirig 
in  the  (ree-fiLlci  oi  iiiat  particular  Instant  of 
time  can  be  determined  and  applied  to  the 
structure  as  static  pi'essure.  The  static  re¬ 
sponse  can  be  determined  by  conventional 
iechniqueii.  The  resulting  design  will  closely 
apprwimate  the  reaulte  of  n  true  dynamic 
aoalyaia  ot  the  etnictuie.  k  is  probable  that 
errors  Introduced  by  the  use  uf  such  an  anal¬ 
ysis  would  be  of  emalter  order  than  tlMee 
Inherent  in  the  variability  ol  structure,  soil 
and  biaet  wave  parameters,  though  further 
study  would  be  necessary  definitely  to  estab- 
Uah  this  conjecture. 


DEPTH  OF  BURIAL 

One  problem  remains  —  how  deep  must 
we  bury  the  structure  in  order  that  the  cover 
be  adequate  to  enable  the  structure  to  respond 
as  aeauned  In  the  foregoing  analysis?  Again, 
a  mathematical  determination  of  the  depth  uf 
cover  le  an  extremely  complex  process.  How- 
evsi',  a  simpie  nraphical  method  can  be  used 
tn  eatlmats  the  depth  of  cover  with  acceptable 
accuracy. 

Figure  3  shows  a  .-vUi'd-ics!  arch  shell. 
Ths  criterion  ancoted  for  s’lfticient  cover  is 
this  —  using  the  rrinc4)ln.-  >f  geometric  optics 
the  cover  shall  be  suftii' '  deep  that  no 
mors  than  10  percent  >'■(  i...  energy  reltected 
b the  surfac  u(  the  shell  :ii>d  subsequently 
ie-reflected  by  the  ground  surface  shall  Im¬ 
pinge  upon  the  shell.  To  meet  this  crilcrion 
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Fig.  i  -  Cr.iphical  determination 
of  cover 


the  cover  required  for  a  semicircular  arch 
turns  out  to  be  slightly  less  than  one-half  of 
the  span.  This,  of  course,  is  actually  C|ulte 
arbitrary  in  that  the  10-pt  rcent  figure  a(iu|>ted 
is  i>->'itrary.  Comparison  of  the  results  of 
more  .‘laborate  studies  should  iltimately  yield 
a  reasonable  value  for  the  percentage  to  be 
used  and  thereby  provide  in  conjunction  with 
the  graphical  method  a  simple  way  to  deter¬ 
mine  the  required  cover. 

For  a  dome  structure  in  which  the  reflected 
waves  expand  sp.herically  the  ratio  of  cover  to 
span  required  turns  out  to  be  considerably  less 
than  for  the  arch.  For  instance,  for  a  90°  cen¬ 
tral  angle  '\u<ie  the  cover  over  the  crown  worlcs 
out  to  be  ab&di  3/ 16  of  the  span  according  to 
this  criterion;  for  a  hemiqfihere  lets  than  10 
percent  of  ine  span.  It  is  interesting  to  see 
the  results  of  these  simple  theories  when 
applied  to  an  extreme  example. 

Figure  4  shows  a  large  dome  shell  having 
an  interior  framed  structure  providing  a  total 
of  165,000  square  feet  of  useable  floor  space. 
The  dome  is  designed  for  the  lu,000  psi  sur¬ 
face  overpressure  region.  In  order  to  achieve 
«uch  •  la^e  structure  we  have  tc  assume  the 


Fig.  4  •  10,000  u«i  dome 


availal'ility  of  hig.^  strength  concrete.  In  this 
case  iC-.OOO  j'-'i  concrete  was  usixl.  The  cir¬ 
cular  frequeiu.y  of  vibration  of  a  structure  of 
the  geometry  shown  in  air  is  about  54  radians 
per  second.  In  3b00-foot  per  second  seismic 
velocity  soil  the  damping  factor  computes  to 
be  ab’Mit  1.1.  Actual  design  was  carried  out 
for  a  damping  factor  of  1.  Yo.i  will  note  that 
a  4-fooi  layer  of  soft  mateoial  has  been  placed 
bs  v-f  the  earth  cover  and  the  dome  shell. 

The  purpose  of  this  layer  is  to  decrease  the 
restraint  of  the  cover  on  the  dome  shell, 
thereby  reducing  the  K  factor  to  a  small  value 
and  avoiding  increase  in  the  circular  frequency 
of  the  very  heavy  shell  and  consequent  reduc¬ 
tion  ci  the  damping  factc'.  Expanded  light¬ 
weight  aggregate  might  be  an  appropriate  mate¬ 
rial  for  this  fill. 

Figure  5  shows  the  ground  pressuro  wave 
assumed.  This  approximates  the  ui  v  Uenuated 
ground  pressure  wave  from  a  very  large  bomb. 
The  response  of  the  sti-ucture  assuming  unity 
'‘'unping  factor  also  Is  shown.  The  equaliza- 
iion  of  vertical  and  b  ^riauntal  ground  pressure 
has  been  neglected.  Ev»n  zo  the  necessary 
static  design  pressure  (or  the  shell  turns  out 
t.t  be  only  16M  pounds  per  square  Inch. 


Twc.  Msec 


Pig.  5  -  Aavumed  ground 
prcbSurc  wave 


CONCLUSION 

In  roncluaion  wv  sUte  that  the  theories 
prcMnted  in  this  paper  involve  a  number  of 
simplifications  and  approximation--.  There¬ 
fore,  they  can  hardly  be  ronsiderei'  /eUdly 
establidsed  design  theories.  lIov«  <  ‘r,  they 
do  indicate  that  If  suf-llcteht  rcsearc  effort  is 
csrried  4  in  the  direciions  outlineu  it  should 
ht  possible  to  construct  very  large  structures 
la  the  very  high  over-pressure  regions. 
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APPENDIX 


DAMPING  OF  A  STRUCTURE  IMMERSED 
IN  A  VELOaTY  SENSITIVE  MEDIUM 

Consider  a  linear,  eUsiic,  statically 
loaded  st<eU  structure.  The  result  o(  losing 
can  be  represented  by 

r)L(ii)  -  p  (1) 

wiiere 

D  is  a  scalar  constant 

u  is  the  vector  displacement  al  a 
point  on  the  shell 

p  is  the  vector  pressure  at  a  point  on 
the  shell 

L  (ii)  is  a  linear  vector  operator,  a  (unc* 
tion  of  u  and  its  spacial  coordinate  - 

The  equations  of  free  vibration  of  the  aliove 
system  in  vacuum  are  then  (damping  neglected) 


(.  /  ti>  «  au  :  0 

(2) 

B^^u)  -  0  (n  =  1.  i.  . 

(3) 

wbers 

.r  ts  the  unit  mass  of  the  shell,  a 
function  of  the  spacial  coordinntes 

B,fu)  are  the  boundary  conditions. 

Equations  (2)  and  (3)  can  always  be  solved 
in  the  form 

.1  *,  •  !  (-i«  "») 

where 

A,  are  arbitrary  constants 

are  arbitrary  phase  angles. 

ii  are  a  set  of  orthogonal  vector  functions 
of  (he  spacial  variables  only  satisfying  the 
boundary  conditions  and  tue  orthogmality 
relation 

f  0 ...  if  i  ♦  i 

(5) 

-  N,  ...  if  ■  .  ,  . 


The  area  integral  is  taken  over  the  entire 
surface  of  the  shell.  A  rather  long  develop¬ 
ment  shows  that  the  functions  7  alwsyn  exist.  ‘ 

The  Nj  are  constants,  termed  the  norms, 
'I  the  orthogonal  system. 

The  circular  frequencies  satisfy  the 
relatloas 

DC(7i)  =  (6) 

If  the  etmetu- ..  is  subjected  to  a  dynamic 
load  p  then  the  equations  cd  motion  become 

oCfu)  I  uu  =  p 

(7) 

8„(Q)  =  . 

and  have  a  soluUn.'i  in  the  form 

ii  '  71  Tjftt  7,  .  (8) 

1*1 

where  T.fti  are  the  aoluUpA  of  equations  of 
the  form 

f,  .  .,*T,  =  Tj  .  (9) 

The  functions  r,  are  given  by 

^  '  IT  f  **  •  ^*  •'*  •  (10) 

•  Tl 

Consider,  now,  the  free  vibrations  of  the  same 
structure  immersed  in  a  velocity  sensitive 
medium.  (The  medium  ia  assumed  to  offer 
resistance  to  velocity  only,  not  to  displace¬ 
ment.  Water  is  typical.)  The  equation  ia 

DC(u)vc|^nu>A^C2/iu-l*sii-0  (11) 

where  n  is  the  unit  vector  normal  to  the  shell 
and  r  Is  the  unit  vector  tangent  to  the  ahell 
and  lying  in  the  plane  defined  by  li  and 

c,  Is  the  compresslonal  eelsmic  velocity 

C]  ie  the  shear  scii.ar.i.  ,eluciiy 

p  Is  the  unit  mass  of  r  e  medium. 


•.I  .  lor  inst.iri  <•,  Air  Forcej  jpcciai  Weapona 

Certer  Technical  Rr|K>n  TRj-59-i  "  Protective 
Con  at  rue  tion,"  T.  C.  Morrian”,  Part  Ill  Unci. 
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The  boundary  conditions  might  or  ;right 
not  be  the  same  as  those  of  Eq.  (3). 

The  solution  of  Eq.  (11)  is  extremely 
complex.  A  much  more  tractable  equation  can 
be  obtained  by  assuming  the  se*smic  veloci¬ 
ties  to  be  equal  (an  unlikely  condition  for  real 
materials). 

Thus  set 


FREQUENCV  AND  DAMPING  OF  A 
STRUCTUIi  ■  IV.MEHSED  IN  A 
VELOCITY  AND  DLSPLACEMENT 
SENSITIVE  MEDIUM 

Consider,  now,  the  free  vibration  of  the 
shell  ’-.'.imers^  in  a  medium  that  is  velociiy 
sensitive  and  also  offers  rusietance  to  dis- 
nlacemi  nt.  Denote  the  displacement  resistance 
coils:  .it  I.  Then  Eq.  (13)  becomes 


tj  =  Cj  =  c  .  (12) 

Then  Eq.  (11)  becomes 

bLfu)  +  CPU  vmu  =  0.  (13) 

Assume  the  solution  of  Eq.  (13)  to  be  of 
the  form 


DUfu)  -  Ku  *  c. '.i  ^  .'.iii  -  0  .  (20) 

Again  taking  the  solution  to  be  in  the  form  of 
Eq.  (J«) 

^l"“'l**i  **^1  m  f  j  ./>,  =  0  .  (21) 

This  simplifies  to 


(14. 


Then,  substituting  Eq.  (6)  into  Eq.  (13)  and 
writing  the  equation  for  u, 


♦c.iTjrf'j  vafiij  =0.  (15) 


This  simplifies  to 


=  ep  ^ 
T:  ♦ - I 

•  m 


Denote 


=  0.  (22) 


:  K 


I,  2  .  ’  ♦ 

l/i  S  W.  ♦ 


(23) 


f,  ,0.  (16) 

Equation  (16)  is  o(  iIm  same  (orm  as  the 
equation  of  a  damped  mass-spring  systea 
having  the  damping  constant  ep/m. 

U  i  is  dsflnsd  to  bo  the  ratio  of  actual 
damping  to  critical  damping,  then 

2».j,  =  ^  (17) 

wiri 


Thus  for  a  structure  having  a  rpectrum 
ct  modal  frequencies  all  modes 

for  wb  h 

‘  If 

are  ovsr-crltlcally  damped. 


where 

0,  is  the  undamped  clrc'dar  frequency 
in  soil 

(  is  the  gravity  rnnstant 
>  is  the  unit  weight  of  the  shell. 

Then  the  damping  factor  is  given  by 

‘  '  iflq  (24) 

where  r  Is  ths  unit  weight  of  the  soil. 

When  writing  the  eqiietion  of  forced  vibra¬ 
tion  of  the  shell  imsMrssd  In  »  velocity  and 
diqplacement  sensitive  medium  account  must 
uc  taken  of  the  free-  fii-td  motion  Imparted  to 
tlw  soil  by  the  forcing  function,  '.e.,  the  free- 
fleld  ground  pressure  wave,  e.  This  nnmpo- 
nent  of  motion  le  denoted  t .  iMnnti>ig  by  u 
the  relative  motion  betwurn  a  pc'i>k  n  the 
structure  and  the  free-fleU  the  '  .n  of 
forced  vibration  is 
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DL(u)  +Kri  ♦CPU  =  p-  (25) 

U  the  motion  is  assumed  to  be  quasi¬ 
static  the  time  derivative  Jerms  vanish  and 
the  interface  pressure,  OL(d>  becomes 

OLfil'  -  P  -  Ku  .  (26) 

Thus  a  developable  membrane  structure 
which  deforms  so  as  to  achieve  unilonn  ...  ei- 
farc  pr<;ssure  reaches  equilibrium  with  the 
average  value  of  prt  ssure  around  the  struc¬ 
ture,  the  cou'-r'^nent  v  r,  taking  the  form  neces¬ 
sary  to  eliminate  the  nonuuiform  component 
of  free-field  pressure. 


DETERMINATION  OF  WEIGHTED 
AVERAGE  SEISMIC  VELOCITY 


c  =  ♦  •  I  dA  =  Cj  ^  dA. 


The  tutegrais  In  Eq.  (31)  r;  prest  n- 
square  values. 

fn<»nn 

Denote 

eJA  -  coi^V'i 

(32) 

^  sin'i/ij  dA  =  . 

(33) 

Then 

c  =  c.  ♦  Cj  sin^^l 

(34) 

The  value  of  c  can  be  estimated  by  setting 
the  energy  radiated  by  the  second  term  of  Eq. 
(13)  equal  tj  that  radiated  by  the  second  and 
third  terms  of  Eq.  (11). 

Denote  the  energy  U .  Then 


r  •'  !>!  “  cj)  cos^VirCj.  (35) 

The  value  of  Eq.  (34)  lies  in  that,  even  if 
the  modal  gci.  oetry  is  known  only  aoproxi- 
mately.  the  mean  v.''!ues  ,  and 

can  be  tisUmaied  quite  accurately. 


U  ■  CPU  -  u  =  c  |p[n  u  •  n] 


(nd  -  A) 


♦  C]p[ld-r]  •  tfu-lt.  (27) 


Deiicte 


(28) 


As  an  ea>iaple  consider  a  cylindrical 
shell.  A  point  oa  its  surface  is  deitned  by  the 
coordinates  $  and  Z.  For  simplicity  con¬ 
sider  only  those  modes  which  are  independent 
of  Z.  f^irther  tor  simplicity  consider  the 
Ineztenstbls  middle  surface  theory  to  apply. 


Then 


ce*  'p 


•  in  V' 


(28) 


where  is  the  angle  made  by  the  velocity 
vector  u  with  the  normal  to  the  surface  of  the 
shell.  In  general  it  is  s  function  of  position 
and  time  but  Us  modal  iponsnta  are  func¬ 
tions  oi  position  only. 


Then  ths  normal  components  of  the  modes 
are 

=  Sj  cos  id  (36) 

and  the  taageaUal  components  are 

1^  -  b,  sin  iC  .  (37) 

By  the  innttensf  ble  theory 

*  "i- 


Fur  the  ith  mode  tbs  energy  equation 
then  becomes 

')  =  CPU,*  =  (C|p  cos*^,  ♦CjP  •in*V',)u,*.  (30) 

The  terms  cos  u,  and  sin  rep- 
r'-  physically,  the  normal  co..iponont  and 
t.uigentlal  component  o(  the  velocity. 

Integrating  over  the  surface  of  thr 
structure 


Thus 


and 


bi  » 

i 

(30) 

t 

(40) 

cot  ^1  a  — 

J _ 

(41) 

'  ^ 

tsn*  ‘d 

1 
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Integration  yields 


i  <  1 


Then 


(42) 


(43) 


The  soil  resi&tiince  factor  is  detinfd  to 
satisfy  the  equ  ■  '.or. 


Thus 


-  P  . 


\  r 


(1  »  R 


(47) 


(48) 


Values  of  c  cj  are  given  in  the  followiiig 
table; 


-  r  '^1 

2 

3 

4 

5 

0 

1 

1.000 

1.000 

1  000 

1.000 

1.009 

5 

6 

0.944 

0.958 

0.967 

0.972 

0.976 

2 

3 

0.889 

0.417 

0.034 

0.945 

0.953 

1 

2  \ 

0.835 

0.875 

0.900 

0.917 

0.931 

E6T1M.\T10N  OF  SOIL  RESISTANCE 
FACTOR  K 

By  the  methods  of  the  Uieory  of  elasticity 
it  can  be  shown*  that  the  variation  of  the  radial 
stress  in  an  I'i'iite  elastic  medium  containing 
<•  <  ircuiar  .  '-iindrical  hole  containing  uniform 
pressure  H  is 


■  '■j 


(44) 


where  R  is  the  radius  of  the  hole  and  r  is  the 
radial  distance  to  the  point  at  which  the  radial 
stress,  ,,  obtains. 


The  radial  displacement  u,  is  given  by 

(45) 


(I  ♦'-IP*' 

'  — r, — 


where  C  is  the  Yeung's  modulus  of  the  me* 
dlum  and  i-  is  Poisson's  ratio. 


At  the  surface  of  the  hole 

(I  ♦vlP* 


(46) 


*TirTtoshcnko,  Theory  of  Elastictty,  hierf  Edi* 

tion,  Ch^ipivr  3. 


.  j  - 


(49) 


where  c,  is  the  compres.iuit  wave  velocity 
(  is  the  gravit’  tional  constant  and 
y  is  the  soil  unit  weight 


(1 •!) rR 

The  factor  K  can  be  rerresented  in 
general 


k  = 


2 

■•t  > 

(  1  ♦  y)  g\ 


(50) 


(51) 


where  a  is  a  length  c  haracteristic  of  the 
structure. 

For  a  spherical  shell 

'  =  y  (52) 

where  R  is  the  spherical  radius  of  the  shell. 

I>eternsi.-.ation  of  *.  for  more  coinplen 
geometry  is  a  tedious  process  and  of  question¬ 
able  value  because  of  the  indcierminateness 
of  Poisson's  ratio  for  soils.  However,  noting 
that  for  a  cvlinder 


'  s 

—  =  2.0 
y 


wltej'S  V  is  the  volume 

5  x-j  tile  surface  area 
and  for  a  mihere 

^4  -  1.5 


(53) 


(54; 


it  is  suggr  ’.ed  that  for  .ucre  complex  shells 
be  taken  as 


K  =  I. 75 


(55) 
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DISCUSSION 


Mr.  Stallybrass  (Stanford  Research  Insti¬ 
tute):  I  am  wonderfng  about  your  assumption 
of  equal  wave  velocities  on  your  postulate  of 
an  elastic  uiciiiuiii.  U  I  ’’err.emoer  rightly,  the 
two  t^auie's  constants,  and  u.  fcr  an  elastic 
material  have  to  be  positive.  If  yen  assu.-n*' 
that  the  dilatationai  and  shear  wave  veljc  .o-s 
are  this  is  equivoicnt  to  ,  which 

makes  ’  negative. 

Mr.  Morrison:  You  are  quite  correct. 

That  assumption  was  made,  perhaps  I  didn't 
emphasize  it  strongly  enough,  for  one  purpose 
only  —  mathematical  simplicity.  The  details 
leading  to  the  assumption  are  given  in  the 
appendix.  It  turns  out,  however,  that  as  far 
as  the  total  energy  capacity  of  the  shell  is 
concerned  that,  if  we  had  •  and  b  seismic 
velocities  — compre.ssional  and  aheai'  — an 
average  value  can  bo  used  purely  for  niathe- 
natical  purposes  —  no  physical  reason.  The 
resulting  seismic  velocity,  the  ar-tificisl  one, 
will  be  oathe  order  of  somewheic  between 
VO  and  95  percent  of  the  compres.sional  seismic 
velocity.  It  Just  doesn't  make  any  difference 
in  the  design  of  the  structure. 


Mr.  Miiw  (Allied  Research  Associates): 
Did  you  say  you  used  a  membrane  analysis  for 
the  shell? 

Mr.  Morrison:  I  did,  aid  you  will  notice 
that  the  thicknesses  are  very  high. 

Mr.  Mow:  How  do  you  account  for  the 
.sudden  jump  in  loading?  In  the  membrane 
theory  when  your  loading  has  a  sudden  jump 
then  your  solution  will  encounter  some  diffi- 
cuiliss  because  there  are  bound  to  be  local 
bendings. 

Mr.  Morrison:  ‘ntis-.has  been  looked  Into 
in  very  coosidecable  detail.  I  reter  you  to  tue 
Air  Force  Special  Weaiions  Center  Report 
AFSWC  TR  S9-2;  it  consists  of  tliree  volumes. 
The  various  factors  were  liivtailgated  and  it 
does  turn  cut  that  you  can  use  the  membrane 
theory  for  the  dynamically  loaded  structure 
without  being  in  gross  error  —  90-95  percent 
perhaps.  This  oiay  not  be  true  for  structures 
with  a  radius  to  ti.icii.i.es.s  ratio  somewhat 
higher,  say  IS  or  20  or  greater  than  the  11 
that  was  shown  in  that  last  structure. 


DYNAMIC  STRENGTH  OF  ROCKS 


D.  H.  Grinc 
Stanford 

Menlo  fark 


ProQuctionof  new  6urfacearea  by  fracturing  of  rock  behind  anexplosivc- 
i-u'.iated  high-ampiiiude  wave  ir  probably  an  .-nportant  mechaniam  for 
eiiergy  absorption  in  the  region  near  an  explosion  in  i  ock.  in  this  paper, 
fracturing  of  rock  by  high-amplituuj  pulses  and  the  effects  of  such 
fracturing  on  pulse  propagation  are  considered. 


INTRODUCTION 

The  ability  to  compute  the  stress  field  in 
the  wave  produced  by  a  specified  blast  in  con¬ 
tact  v’ltli  a  specified  rock  would  be  useful  in 
design  of  protective  underground  construction 
and  in  studies  of  production  of  seismic  waves 
by  underground  explosions.  In  such  computa¬ 
tions  (l|,  it  is  normally  assumed  that  the  me¬ 
dium  possesses  a  dynamic  cunlituid  shear 
stren^.  When  shear  stress  in  the  computed 
field  exceedr  this  strength,  the  rock  behaves 
pbstically  or  !.;'drr.d}'namicaliy  and  the  wave 
8hup«  and  amplitude  change  more  rapidly  than 
they  would  in  the  clastic  case.  A  chuige  In 
the  assumed  dynamic  strength  of  the  rock  will 
therefore  change  the  calculated  shape  and  am¬ 
plitude  of  the  wave  in  the  rock.  This  paper 
concerns  experimental  methods  of  determina¬ 
tion  of  dynamic  strength  of  rocks. 

Any  attempt  to  compare  a  "dynamic" 
strength  with  a  "static"  one  is  quaittativs  un¬ 
less  the  f'-i'inplete  stress-time  histories  of  tbs 
dynamic  even!  and  static  test  ar*  ntven.  bi 
geiieiai,  ijtren«ih  or  yield  point  Is  a  cootlwi- 
ous  ftinction  of  the  stress  tensor  sad  Us  Uine 
derivatives.  "Dynamic"  will  be  arbilrarlty 
used  in  this  paper  to  refer  to  events  tsstlnc 
less  than  one  second.  However,  strength  of  s 
substance  might  vary  as  much  bstwsen  loads 
lasting  one  microsecond  and  ons  second  as 
between  one  lasting  one  second  and  3  static 
test  lasting  a  week. 

A  high  amplitude  wave  la  rock  produces 
strain  rates  of  from  10^  to  10*  per  second. 
Duration  of  load  ranges  from  a  ftw  mlcro)^ 
onds  in  small  tests  to  ssveral  tenths  of  a 


second  in  large  nuclear  ?h3ts.  Experimriits 
with  vaves  in  metals  [2]  have  shown  that,  in 
i.neral.  yield  points  r-o  sensitive  to  rates  ff 
strain.  In  brittle  materials  such  as  rocks, 
the  dynamic  compressive  strcngtlui  may  be 
similarly  sensitive  to  strain  rate  or  duration 
of  loading  and  therefore  differ  for  small  ex¬ 
plosive  tests  from  either  the  strengths  on 
nuclear  shots  or  the  results  of  static  tests. 

Another  difficulty  in  determination  of 
dynamic  strengths  of  rocks  arises  from  the 
fact  that  stress  distributions  in  large  ampU- 
tude  waves  normally  are  not  tbs  same  as 
those  in  static  teats.  All  waves  of  practical 
interest  In  rocks  ar«  Ut  diverging  georaatrlea, 
e.g.,  spherical  or  cylindrical.  Any  dlvergim 
elastic  pulse  affects  an  eisroent  of  the  medium 
in  which  It  propagates  In  a  qualitatively  simi¬ 
lar  way  [3|.  Initially,  an  element  undergoes 
radial  compression  with  aero  tai  wntlal  strain. 
Tangnntial  stress  is  conpressivs  and  has  the 
snptltuds  nssdH  to  mslatsln  this  coadltloo  of 
uniaxial  strain.  This  Initial  etfecl  is  the  sams 
as  that  of  s  plus  wsvn.  Thu,  u  ahsUs  of 
malsrUl  sumMsdlag  the  blast  move  outward, 
tiigillil  atuM  droiK  ^  aero  while  rMUal 
airnw  is  still  high.  Darlag  this  drop  of  Un- 
geallsl  stress,  the  dtlfeeenee  batween  radial 
and  ■angsallil  struu  ti.e.,  shaar  atreu)  ra- 
mslM  high.  At  the  tl-na  whan  taagsnUsl  steeu 
is  :ero,  a  cowdUksi  of  unUsI'' 

Piaally  large  tangsaHal  tensuna,  ccr  monly 
callsd  hcop  stresses,  are  djvelo^  .hlls 
radial  stress  gradually  falls  to  z>;  • 

Rsape  ■$»  of  rocks  ..j'lng  the  ru-^'ienly 
appllad  Initial  radial  compression  near  the 
blast  will  be  by  close-spaced  microfracliirlng 


iit  the  wnve  front  when  confined  dynamic 
stren«{th  is  exceeded.  Oitaide  t^e  region  in 
which  initial  compression  i*!  si.i'firient  to  prt>- 
duc."  microfracturing,  the  ro<*k  will  still  fall 
in  shear  some  distance  behind  the  wave  fiont 
as  the  confining  tangential  stress  falls  while 
'^ear  stress  remains  high.  Since  the  confin¬ 
ing  tangential  stress  is  removed  gradually, 
the  cracks  would  be  widely  spaced.  Formaticn 
of  one  crack  has  time  to  relieve  the  caresses 
tending  to  I'racturs  nearby  rock.  Outside  -ic 
regir>'-  .tf  coarse  shear  failure,  hoop  stresses 
prod'  ce  widely  spaced  radial  cracas.  Finally 
the  wave  panr.'s  outrvard  as  an  elastic  wave 
which  does  not  damage  the  rock,  at  least  until 
it  interacts  with  a  free  surface. 

Experiments  on  small  samples  of  rock 
lead  to  Um  qualitative  picture  of  interaction 
of  a  stress  wave  with  rock  given  above.  A 
description  of  these  experiments  and  interpre¬ 
tation  of  their  results  form  the  body  of  this 
paper. 

OAia<\GE  BY  WAVE  OF  UNIAXIAL  STRESS 

Fjqpioaive-initiated  higb-ampi'tude  pulaea 
in  cylinders  of  rock  stere  atudled  to  determine 
the  pulae  amplitude  needed  to  damage  the  cyl- 
ieders  [4].  The  cylindera  were  aurrounded  by 
air  or  loose  :iaiid  with  much  lower  acoustical 
impedance  than  that  of  the  rock.  Radial  stress 
at  tee  cylindrical  surface  of  each  sample  was, 
therefore,  near  zero.  Axial  atr'^ss  of  the  low¬ 
est  .iMplitude  wave  which  ciamagee  the  surface 
''f  a  .'iici  cylinder  will  be  compared  with  axial 
stress  attained  in  au  unconfined  atatlc  teat 
befoiv^  failure  of  the  same  rock  type.  We  at¬ 
tempted  to  produce  uniaxial  stress  in  the  static 
tent  by  capping  the  ends  of  teat  cylinders  with 
sulfur.  Test  cylinders  were  all  cut  to  a  length 
equal  to  their  diameters  for  the  static  tests. 

Three  cylinde's  of  the  greywacke  rock 
used  in  moat  of  the  explosive  experiments 


we.re  recovered.  Damage  to  ail  three  cylin¬ 
ders  was  sieiUar  to  that  shown  in  Fig.  1. 

Aboui  4S  millimeters  of  the  end  nearer  the 
explo.  .ve  is  missing  and  another  45  milli¬ 
meters  left  aa  a  conical  shape.  Neglecting  tlie 
failure  alcog  a  quartz  vein,  the  rock  w;>!s  ap¬ 
parently  undamaged  by  the  compressive  wave 
beyond  a  huedred  millimeters  from  the  charge 
The  cylinder  was  divided  into  10- spalled  frag¬ 
ments  by  the  tension  wave  reflected  from  the 
free  end.  These  tension  fractures  are  approx¬ 
imately  perpendicular  to  the  cylinder  axis. 

To  ralrulate  the  axial  stress  in  a 
wave  at  a  point  in  a  rock  cylinder,  we  use  the 
equation  tar  the  conaervation  of  momentum 
across  the  front  of  a  wave  moving  with  veloc¬ 
ity,  u ,  into  aa  undisturbed  medium  of  density 

f> 

(1) 

V  is  the  particle  velocity  a.*;' -iated  with  *!u: 
wave.  Ths  deurl'y  of  the  rock  was  computed 
by  dividing  the  m>:asured  weight  of  a  sample 
by  its  volume. 

A  schematic  d'agram  of  the  experiment 
used  for  determmmg  particle  vel  icity  at  a 
point  in  a  rock  cylinder  is  given  .  a  Fig.  2. 

The  damaged  cylinder  of  Fir.  1  was  recovered 
from  such  aa  experiment  "Ite  explosive  cyl¬ 
inder  on  each  shot  was  45  millimeters  long 
and  the  saeee  diameter  as  the  cock  cylinder. 
The  greyweeke  cylinders  were  SO  milLmetera 
in  diameter  and  tool:  50  grams  of  C-S  explo¬ 
sive.  Forty-two  millim^r  diameter  llme- 
stons  cores  were  snot  with  98  grams  of  C-3. 
Psta  from  one  greywacke  shut  using  a  hundred 
millimeter  length  ct  core  are  plotted  In  Fig.  3. 
The  Initial  velMlty  of  the  top  oi  the  rock  core 
was  99  meters  per  second.  Particle  velocity 
of  the  wave  at  a  distance  ot  a  hundred  milli- 
roelers  from  the  explosive  charge  is  49.5 
meters  per  second.  The  approximation  ttiat 
velocity  of  a  free  surface  is  twice  the  particle 


Fig,  1  •  Damage  to  gi'eywaru  cyliedsr 
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CAMERA  _ _  BACK  LIGHT 

VIE*  1  — 


Fie.  2  -  Parlicl?  velocity  experiment 


TIME  — 


Fig.  3  -  OispUcement-time  data  from  particle 
velocity  experiment 


velocity  ot  an  Incident  wave  is  diecusaed  by  shot  on  creywacke.  The  wave  velocity  in  the 

?..‘ce  et  al  (5].  It  is  a  good  approximation  lor  greywacko  agreed  closely  with  tlie  previously 
(lie  wave  amplitudes  observed  in  the  greywackc  nieasured  velocity  or  small  amplitude  waves, 
cores  but  is  very  likely  the  largest  source  of  The  wave  velocity  in  the  porous  limestone 

error  in  the  final  ccu4piit«d  stress  levels  in  varied  over  the  length  of  the  core  and  averaged 

■lie  limestone  cores.  Particle  velocities  were  about  half  the  velocity  of  small  amplitude 
obtained  for  four  different  lengths  of  grey-  waves, 

wacke  and  three  different  lengths  of  limestone. 

A.;otlier  determination  of  wave  velocity  in 

The  propagation  velocity  of  a  large  ampli-  the  greywacke  was  m7.dr  by  photographing  a 
tilde  wave  Is  not  necessarily  the  same  as  that  striped  core  witn  a  smear  camera.  A  .-Ml 

of  a  small  elastic  wave.  Wave  velocities  were  photograph  of  the  eiqieriment  and  n  prlr.'  of 

determined  In  two  ways.  The  first  method  the  smear  camera  film  are  si'jwn  in  f'.  .  5. 

used  took  advantage  the  radial  movement  The  smear  photograph  was  taken  the mv  - a 

plotted  "average  wall  velcwity"  in  Fig.  3.  slit  aligned  along  the  cori?  axis  as  :>how<  The 

Rock  cores  were  shot  under  water  so  that  this  image,  a  serl  .  s  of  white  c.  was  smer^ved 

wave-induced  lateral  motion  would  produce  along  the  f!!:u  by  a  rotating  mirror  producing 

waves  in  the  water  which  could  bephotograf^'xf.  the  parallel  white  lines  shown  at  iiie  ieit  ot  the 

Figure  4  shows  two  frames  of  the  unde^ater  smear  camera  record.  As  tlic  wave  in  the  core 
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Fig.  5  •  Wave  velocity  '•xperimenl—etriped  cylinder 
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wiia  crushed  by  a  pulse  with  an  axial  ^ress 
less  than  twice  i  ^  static  strength  of  the  rock, 
Maximum  stress  level  in  the  limestone  de¬ 
creased  much  more  rapidly  than  m  the  grey- 
wackc. 


WAVES  OF  UNIAXIAL  STRAIN* 

A  Ivi'ge  amplitude  plane  wave  is  unstable 
ever  some  stress  range  in  any  substance  hav¬ 
ing  a  finite  rigidity  modulus  and  capable  of 
withstanding  only  some  limited  stress  differ¬ 
ence.  Tne  argument  for  instability  is  given 
on  paget  10  and  11  of  [Ref.  Sl.  The  one- 
dimenaiooal  compression  curve  shown  sche¬ 
matically  in  Fig.  8  represents  the  Incus  of 
prcesure-spocific  volume  points  attainable 
by  passage  of  the  do'ible  wave  system.  The 
precursor  wave  of  amplitude,  is  the 
largest  elastic  plane  wave  which  can  propa¬ 
gate  in  the  substance  without  excecdii^  the 
dynamic  stress  difference,  Y,  which  the  me- 
dl'  .m  can  withstand.  H  r'opafpttes  witli  the 


*ThiR  work  was  done  for  :he  Lawrence  Radi¬ 
ation  La  bo  r  a  to  r  y,  Livermore,  California, 
under  the  auspices  of  the  Atomic  Energy 
Commission. 


Fig.  6  -  Particle  velocity  at  surface  and 
renter  of  rock  cylinder 


passed  each  stripe,  the  stripe  moved  und  fne 
line  representing  it  on  the  smear  camera  rec¬ 
ord  bent.  The  bends  thus  determir.e  the  wave 
arrival.  The  slope  of  each  line  on  the  smear 
camera  record  gives  a  value  of  the  axial  com¬ 
ponent  of  particle  velocity  of  the  cylindrical 
surface  at  the  correqxmding  point  on  th*  rock. 
Wave  velocity  in  the  greywacke  was  hi  ter 
than  that  for  small  waves  for  the  first  dO 
miUimeters  of  the  core  but  equalled  small 
amplitude  wave  velocity  along  the  rest  of  the 
core. 

We  had  planned  to  use  the  particle  veloe- 
iltes  obtained  from  the  slope  of  the  lines  on 
the  smear  record  of  Fig.  5  in  computing  axial 
stress  along  our  rock  coree.  In  Fig.  6,  these 
outside  axial  components  of  r*?--lcle  velocity 
are  plotted  together  with  values  obtained  from 
otj^ervotion  of  the  motion  of  the  axes  of  cores 
of  different  lengths.  Agre-.ment  la  poor  iq>  to 
a  distance  of  100  millimeters  from  the  explo¬ 
sive.  V-'.'ues  of  particle  velocity  observed  on 
the  core  jces  were  used  in  computing  the 
stress  levels  platted  In  Fig.  7. 

The  noigiorous  greywacke  was  not  dam¬ 
aged  by  a  compressive  pulse  with  an  axial 
stress  6.7  times  the  st^e  compressive 
streugth  of  the  rock.  Tlie  porous  limeatoae 
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P'>e$SuRC  Oft  MOftMAL  STRESS 


Fig.  7  -  Axial  stress  in 
greywacke  and  limestone 
and  static  strength  of  grey¬ 
wacke 


Fig.  8  -  One  dimensional  compression 
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ALUMINUM 
COMPOSITION  B 


-40  L'NS 


sioevicm 


Fig.  9  -  Precursor  wave  experiment 


velocity  ol  a  sn"  !'  plane  longitudinal  wave, 
rhe  uynnm.ir  yield  point  o(  the  medium  may 
be  written 


'  ib  the  Poisson  ratio  of  the  medium. 

r,  can  be  computed  from  Eq.  (1);  it  is  the 
iaiiie  as  of  that  equation.  Figure  9  is  a 
diagram  of  an  experiment  used  *o  determine 
wave  velocity  and  ftee-su'^ace  velocity  in  a 
pellet  of  granite  from  the  Nevada  Test  Site  of 
the  Atomic  Energy  Commission.  The  moving 
intersection  ol  the  free  surface  under  each 
lilted  mirror  with  liie  mirror  le  photographed 
with  a  smr'r  camera.  The  velocity  of  the 
free  eurface  ie  then  calculated  from  fh:  smear 
camera  record  by  the  formula 

V  -  k  ( t«n  ■)  ( tan  b) 

■t  here  k  is  a  constant  determined  by  the  image 
magnification  and  film  writing  speed,  a  is  the 
angle  of  Inclination  of  the  mirror,  and  b  is  *h3 
angle  between  the  time  axis  and  smer.r  trace 


on  the  record.  A  still  picture  and  smear  rec¬ 
ord  of  one  shot  are  shown  in  Fig.  10.  The 
time  AB  is  the  time  taken  for  the  precursor 
wave  to  traverse  the  granite  pellet.  Wave  ve¬ 
locity  is  taken  as  the  pellet  thickness  divided 
by  the  time  AB.  Particle  velocity  is  very 
nearly  half  the  free-surface  velocity.  The 
stress,  r, ,  normal  to  the  wave  front  of  the 
precursor  wave  in  the  granite  was  36.5  icilo- 
bara.  Poisson's  ratio  of  the  granite  is  0.272. 
Ubfog  Eq.  (2),  the  stress  difference  at  which 
yield  occurred  can  be  calculated  as  22.8  kilo- 
bars.  This  figure  agrees  very  well  wiUi  av¬ 
erage  stress  dilterences  observed  in  granites 
by  Griggs  et  al  [6]  for  granites  constrained  by 
a  5-kilobar  hydrostatic  pressure.  The  strain 
rate  in  the  wave  experiment  wa«  about  10*  per 
second,  the  strain  was  3.6  percent. 

The  amplitude  of  precursor  ws'.  'r  reel; 
can  probably  be  predicted  from  static  cem- 
pressive  tests  on  Jacketed  speimenu  i>>'.'er 
hydrostatic  constraint.  The  coiistrair.t  .  .J 
be  servo  controlled  to  give  uniaxial 
We  wished  to  '.redict  prec^  'aor  waves  in 
rocks  without  elaborate  equipment.  We  there¬ 
fore  used  the  results  of  Brace  [V]  who  loural 
that  the  stress  difference  withstood  by  rocks 
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tTIkl  MCTUM 


<M  MtA-  •team 


Fig.  10  -  Record  of  precur*or  wave  experiment 


under  constraint  was  nearly  equal  to  one  third 
of  ine  Vickera  hardnese  ot  the  rocks.  Vickers 
hardMSses  of  many  minerals  are  listed  by 
Mott  '3!.  They  were  used  witn  Eq.  (3)  to  pre* 
dint  tf.'*  .duplitude  of  the  precursor  waves  in 
salt  and  in  quartz.  The  predicted  amplitudes 
of  l.a  kb  for  salt  and  SO  kb  for  quartz  agree 
well  with  the  observed  values  of  1.4  kb  for 
salt  [0l  and  65  kb  for  quartz.  The  quartz  pre¬ 
cursor  was  measured  by  C.  R.  fbwtes  of 
Poulter  Laboratories  using  the  inclined  mir¬ 
ror  technique  which  he  developed.  The  more 
elaborate  testing  of  samples  under  hydrostatic 
constraint  must  be  used  on  rocks  which  are 
coarsely  crystalline  because  an  indentation 
teat  gives  scattered  results. 

Our  determination  of  dynamic  strength 
by  observation  of  precursor  waves  has  been 
done  on  rocks  with  low  poros'ty.  Itie  pres¬ 
ence  of  pore  spaces  w;<uld  remove  the 


constraint  imposed  by  uniaxial  strain  in  a 
plane  wave.  Small  rock  particles  would  be 
free  to  ntotw  tangentially  into  pore  spaces. 

We  expect  dynamic  strength  to  be  much  low¬ 
ered  by  small  percentages  of  pore  space  in  a 
rock.  The  nonlinear  effecta  which  lead  to  wave 
attenuation  ahould  be  importwt  at  compara¬ 
tively  low  atresees.  The  rapid  attenuation  and 
crushing  observed  in  limestone  cylinders  with 
about  one  percent  pore  space  supports  these 
predictions.  We  hope  to  do  experiments  on 
precursor  waves  in  porous  recks  in  the  future. 
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SOIL  DISPLACEMENT  INDUCED  BY  AIR  BLAST* 


W  R.  i  erret 

Sandia  Corporation,  Kli.  luerque.  New  Mexico 


The  paper  describes  part  of  an  experiment  designed  to  study  transient 
ground  displacement  caused  by  an  air  burst,  nuclear  explosion. 


INTHODUCTION 

Reiponse  of  aoila  to  static  loads  has  long 
bs«n  of  concern  to  designers  of  fuuudatioiis  tor 
large  structures  and  of  earth  dams.  A  vast 
fund  nf  knowledge  and  an  »'alerstanding  of  U*: 
reaction  of  soils  to  such  loads  has  bn€‘u  ifev  .i- 
nped  in  ths  field  of  soil  raeciianics.  But  the 
reqionae  of  soils  or  rocks  to  high  dynamic 
loads,  and  moat  particularly  to  transient  loads 
of  the  iype  associated  with  air  blast  from 
large  cxplosii.ns,  is  nsithar  well  understood 
nor  has  it  been  very  comprehensively  explored 
until  recently. 

r'<is  paper  describes  orlefly  par*  of  an 
«>:periment  p«  -formed  at  ths  AEC's  Nevada 
Test  Sits  during  June,  19S7,  under  ths  Pris> 
ciUa  Shot  of  Operation  Plumfahob  [l|.  This 
experiment  was  designed  to  study  transient 
diaplneement  of  tt>e  ground  caused  by  the  bloat 
wavs  gensrated  by  a  nuclear  explosion  equiv¬ 
alent  to  40  kiiotons  of  TNT.  The  eiqilosive 
charge  was  suspended  from  a  captive  balluun 
700  feet  above  a  dry  playa  lake  railed 
Frenchman  Flat. 


THE  SOIL  ENVmONMc.HT 

The  soil  onvironmont  of  this  sxpsrimMt 
is  best  described  as  s  200-foot-thlck  insss  of 
weakly  cemsatsd  sandy  ».U  of  remarkable  uni¬ 
formity.  No  appreciable  change  of  material 
was  found  in  the  sample  a.<d  instrument  bor¬ 
ings  at  depths  shallower  than  201  feet  at  which 
depth  gravel  was  encountered.  Analysts  of 
numerous  undisturbed  samples  *ake&  from 
borings  in  the  test  area  showed  that  80  to  90 
pe/cent  of  the  material  passed  a  200-mesh 


screen  and  dry  densities  vi’.ried  through  a 
range  from  75  to  05  pounds  per  cubic  font. 

A  typical  profile  of  density  i  seismic  ve¬ 
locity  for  the  epvirnnment  is  shown  in  Fig.  1 
The  high  velocity  reg'nn  near  20-foct  depth 
is  a  reMlt  of  locally  increased  cementation 
rather  than  a  'Ifference  in  material  or  com¬ 
paction. 


INSTRUlfENTATION  AND  RECORDS 

The  experiment  plan  included  four  sta¬ 
tions  at  ranges  between  650  feet  and  1350  feet 
from  ground  xero  on  a  blast  line  extending 
westward.  Relative  positions  of  the  instru¬ 
ment  stations  and  burst  point  are  shown  sche¬ 
matically  in  Fig  2. 

Instruments  were  installed  at  each  station 
to  measure  relative  displacements  between 
the  ground  surface  and  hve  gage  anchors  at 
various  depths  !■>  200  feet.  Figure  3  shows 
some  of  the  details  of  a  station.  The  surface 
slab  accommodated  transducer  elements  of 
relative  displacement  gages  and  air  blast 
gages.  Accelerometers  wore  installed  in  Uie 
•lab  and  in  most  displacement  gage  anchors, 
but  their  performance  is  not  relevant  to  Ute 
purposs  of  this  paper. 

A  rslativs  displacement  gsge,  shown  ex¬ 
ploded  In  Fig.  i,  consisted  of  a  piano  wire 
strstchsd  under  continuous  tension  between  a 
burtad  anchor  and  a  spring-loaded  drum  in 
the  transducer  unit.  An  auxiliary  he'ical 
spring,  protected  m  a  rigl'*  ubc,  ensured 
sufficient  loading  «o  kec.o  t-  -  wire  taut.  A 
flexible  metal  tube  uuri>'<-  >  .ed  eac*.  piano 
w*rc  to  peruiit  free  movemt..-.  of  the  wire 


'‘This  pa^v  r  v.-.tsi  t.jt  pr«  Nt'nt^u  at  the  SympoBtum, 
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Fig.  4  -  Relative  Jiaplacement  gage,  exploded  view 


witbin  the  ti.  compacUd  Mud  backfill. 
KftUtira  niovvnMifm  o(  the  anchor  and  alab 
rotated  the  drum  and  drove  a  aplral  poteoli* 
ometer  whlcu  gav  %  varylrc  reaiatlve  aignal 
directly  proportional  to  the  motion. 

Cage  anchors  were  placed  in  the  boring, 
bonded  to  the  adjacent  sou  by  quick* belting 
concrete,  and  dry  sand  backfill  was  compacted 
atxive  the  anchor  to  the  elevation  of  the  next 
anclMir.  All  five  tranafucer  elements  for  the 
displacenicnt  gages  w«re  attached  to  each 
tniiiface  slab  whioh  containovl  on  al.'  pioswire 
"b't'e  to  provide  a  precise  recutU  of  air  blast- 
overpressure  history  at  the  station.  Ail  gages 
wars  connected  through  appropriate  cablee  lo 
a  3-kc  carrier-amplifier  eyetem,  the  rectified 
output  of  which  was  cunvcrtfcd  to  an  FM  signal 
and  rc'orded  on  magnetic  tape. 

Incl'iunt  overpreeeure  recorJe  from  the 
four  alatlone  are  presented  in  Fig.  5.  Peak 
values  wore  270,  187,  120,  and  59  pet  at  850, 
850,  iC30,  and  1350  feet  from  ground  zero, 
respectively,  and  positive-phase  durations 
ranges  from  210  to  440  milliseconds.  Rela¬ 
tive  displacements  for  the  station  at  the  850- 
foot  range  are  siiown  ae  a  functlrn  of  tiioe  in 
Fig.  6.  Records  I'r  >m  other  etatloue  followed 


a  similar  pattern.  Initial  comprcusion  is 
followed  by  an  expansion  and  a  final  realdual 
compreaslcn.  The  long-^pan  gage  record  in- 
cludee  cne  of  the  minor  data  analysis  prob¬ 
lems;  the  exi<anston  peak  of  Ute  200-foot-Bpan 
gage  was  clipped.  Similar  cllppli  >  occurred 
tm  several  other  records.  Evidently,  as  the 
surface  slab  rebounded  after  its  initial  down¬ 
ward  motion,  the  base  of  the  rigid  piutective 
tube  moved  up  against  the  bottom  of  Uie  heli¬ 
cal  spring,  a^  furtlier  leiaiive  motion  signal 
could  not  be  generated  until  the  slab  started 
tu  luuyc  dowirvird  agam.  Fortunately,  the 
rigid  tubes  for  three  cthei  gages  at  this  ata- 
tiun  were  long  enough  tn  make  the  springe 
completely  free  throughout  the  motion.  Since 
all  gages  were  attached  to  the  earns  Blab,  it 
is  roasonable  to  orroci  the  peaks  of  the  4D- 
200  end  4D-100  curves  by  superimposing 
correspcndliig  parts  of  the  unreviraired  rec¬ 
ords. 

Peak  compreaeive  diaplaceciH'r  ”'iuea 
are  plotted  in  Fig.  7  ts  a  tiinction  tags 
span.  As  ".-ould  be  exi  ’-cled,  diapliiCt;iAents 
are  greater  for  greater  overpreeeure  loading 
and  for  greater  gage  spans.  But  in  all  cases 
relative  dlfferencss  between  data  fruui  gagea 
of  100-iuui  eud  kuu-loot  apaa  are  either 


148 


Fig.  5  -  Overpreesurc  incident  on  ground  suri&ce  nt  inatrument^d  •tntiona 
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niirgligihlc  ui'  at  least  small  enough  to  imply 
that  anchor  s  ot  the  200-foat  sages  did  not 
move  appreciably.  Ramember,  the 
surft.  p  was  loaded,  aid  loading  piv..  is 
arc  So  iiigt)  that  the  upper  portions  oi  the  po- 
rottfi,  weakly  cemented  soil  must  have  acted 
IneUattcally.  It  then  becomes  reasonable  to 
assume  that  diaplacemeot  of  the  anchors  200 
feet  deep  was  negligible,  and  the  200-toot 
span  record  represents  absolute  or  real  down¬ 
ward  motion  of  the  surface  slab. 


OISCUSalON  OF  THE  REdULTS 

From  this  premtse  It  Is  a  simpls  atsp  to 
find  abivihite  displacement  of  the  anchors  of 
each  etwrtsr  span  gage  by  subtrscUi^i  re¬ 
corded  relative  ditplac-ments  from  data  at 
correapoodlng  times  for  tbs  longest  span 
pme.  Absoluts  displacements  derived  in  this 
manner  arc  presented  In  Fig.  8.  These  curves 
are  nut  quits  as  smooth  as  the  recorded  unee, 
particularly  for  displacement  at  the  100-foot 
depth,  since  we  are  dealing  here  with  the 
siuall  dilferencee  between  nearly  similar 
quantities,  and  precision  necessarily  suffers. 

What  can  these  records  tell  us  'nit 
motion  of  the  ground  under  load  ?  First,  we 


plot  conhMi-e  m  peak-downward  diqilacement 
on  a  veTtical  cross  secdon  .icrig  the  instru¬ 
ment  1  e  as  shown  in  Fig.  9.  The  scales  are 
distorted  for  emphasis,  but  it  Is  apparent  that 
equal  dynanilc  dlqilacements  occur  on  fiat 
bowl-like  surfaces  centered  at  ground  2.aro, 
and  that  downward  disnlacements  decrease  at 
a  slower  rate  as  depth  incre>ises. 

This  raises  the  question  of  primary  in¬ 
terest  to  designers  of  underground  structures: 
How  do  the  displacements  decrease  with  depth? 
Figure  lU  is  a  plot  of  logarithms  of  peak  down¬ 
ward  diaplaceneiit  versus  depth  for  each  in¬ 
strumented  station.  Data  for  each  station  de¬ 
fines  a  straight  line  within  precision  of  the 
experiment,  and  dopes  of  the  lines  are  ider- 
tlcal.  This  information  may  be  described  in 
the  form 


where  i  is  maximum  displacement  induced  at 
d^ih  D  in  Frenchman  Flat  soil  by  alrblast 
Ic  idlng  which  ■>ro>hKed  a  suiface  displacement 
of  S„.  Mote  that  Frenchman  Flat  at:il  must  be 
specified,  because  ihe  coelticienia  aisl 
0.017  are  both  strongly  dependent  on  soil 
charseterisUes,  although  is  also  dependent 
on  the  incirtsnt  oveiprssaure  as  iadicated  by 
the  values  shown  on  eac.h  curve. 

Ghvioualy,  the  next  requirement  is  to  de¬ 
rive  a  rslattonship  between  the  incident  over- 
pieasure  tanetlon  and  S,.  Several  theoretical 
apptoachss  made  to  this  problem,  assuming 
piuely  sisstfr  response  of  the  soil,  have  met 
with  qualified  success.  Results  include  an 
saqMXMfltlal  term  of  the  form  found  in  the 
Priscilla  experimesd,  but  theoretical  coeffi¬ 
cients  of  D  in  the  exponest  have  been  smaller 
than  0.017  by  factors  as  great  as  6. 

A  past.  If  not  all,  of  the  difference  be¬ 
tween  thocseUcal  results  and  data  from  this 
study  nvist  stem  from  the  fact  that  porous 
granular  materials  such  aa  soil,  respond  in- 
iB  varying  degrees  to  loads,  and 
the  snem  to  which  departure  from  elastic 
reaction  aflocta  response  becomaa  rapidly 
greater  as  psak  loads  and  duration  of  loading 
increases.  We  do  not  now  know  precise^  how 
soil  re^MBkc  varies  under  dynamic  loads,  so 
it  Is  difficult  to  develop  ii,ii:'.eiuatical  modwl 
wiitable  for  dsacrihiiig  th*  d.'.’a  from  our  ex- 
perimaat.  Soil  meihaoicu  ii-  ioratories  are 
beginning  to  study  dynamv.-  >  .,jonse  soils, 
and  within  a  vear  or  two  we  u'^iuld  be  better 
ab'  -.  to  devakip  ..  '-easonable  -'.athematlcal 
model. 
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PEAK  UCOCNT 


^ig.  12  -  Oi^placement  contours  for  incident 
prcfsure  versus  time;  10  feet  deep 


Fig.  13  -  Oisplacement  contours  for  incident 
pressure  versus  time;  30  feet  deep 


Fig.  14  -  Displacement  contours  for  icident 
pressure  ve.eue  time;  60  feet  deep 


154 


The  next  four  illustrations,  Figs.  11,  12, 
13,  and  14,  present  the  Priscilla  displacenieiit 
data  in  a  form  particularly  useful  to  tneoreti- 
cal  studies.  Deflection  contours  are  developed 
at  each  of  several  depths  as  a  function  of  in¬ 
cident  overpressure  and  time;  an  analogous 
set  of  maps  of  deflection  contours  as  functions 
of  depth  aixl  time  have  been  published  iu  the 
final  report  of  this  project  [ll.  Some  idea  of 
the  diqilacement  history  as  a  function  of  depth 
may  be  derived  from  curves  plotted  in  Fig.  IS 
for  one  station  at  several  specific  times. 


Finally,  Fig.  16  gives  some  confirmation 
of  gage  iieriormance  .'nd  reiiabiiiiy.  It 
permanent  diep!  oenients  measured  by  first 
order  surveys  ui  a  series  of  monuments  and 
the  four  instrument  slabs  before  and  about  six 
days  after  Priscilla  was  detonated,  together 
with  residual  displacements  of  the  slabs  de¬ 
rived  fn^m  gage  records.  Data  from  the  two 
sources  agree  within  0.2  inci.,  considerably 
’letier  thr  .i  the  expected  orerision  of  the  dy- 
iiamic  '  ^placement  measurements. 
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Section  3 

structural  design 


THE  EARTHQUAKE  GROUND  SHOCK  PROCLEM  AND  ITS 
RELATION  TO  THE  EXPLOSIVE-GENERATED 
GROUND  SHOCK  PROBLEM 

Gee  -^e  W.  Kousnrr 
Calliornia  institute  of  Tecluology 


I  The  earthquake  ground  shock  problem  is  sufficients  similar  to  the 
explosive-generated  ground  shock  problem  that  thinechniques  and 
instruments  developed  to  solve  the  earthquake  problem^  such  as  shock 
spectra,  reed  gages,  and  accelerometers,  have  been  applied  to  the 
explosive-generated  ground  shock  problem.  However,  there  are  cer¬ 
tain  fignific  .t  uiffereaces,  such  as  in  the  character  of  the  spectra,  in 
the  degree  of  ground  coupling,  in  the  relative  scale  of  phenomena,  and 
in  the  influence  of  soil  properties,  which  make  the  earthquake  problem 
the  simpler  of  the  two.  It  appears  that  certain  difficulties  encountered 
in  the  earthquake  problem  i^ich  retarded  progress  may  alsc  he  en¬ 
countered  in  the  explosive-generated  ground  shock  problem. 


INTRODUCTION 

The  problem  of  designing  structures  to 
resist  earthquake  ground  motions  is  similar 
to  the  problem  of  designing  against  explosive- 
generated  ground  shock,  so  that  an  exposition 
of  th'S  methods  used  for  the  earthquake  problem 
may  Inrow  light  upon  approaches  that  can  be 
used  lor  the  exploslve-gen  rated  ground  shock 
problem.  The  features  of  the  earthquake  proli- 
leu  are  better  known  and  in  certain  waya  are 
simpler  than  for  the  expirsive-generated 
ground  ahock  problem.  Aa  a  consequence,  the 
earthquake  problem  is  more  easily  explained 
vnd  mure  readily  underatood.  Thla  paper  will 
disrcci  the  earthquake  problem,  calling  atten¬ 
tion  to  the  similarities  with  the  exptueive- 
generated  ground  shock  problem  and  also 
|K)lntlng  out  those  places  wher-  there  arc  sig¬ 
nificant  differences  between  the  two  problems. 


Although  sporadic  studies  of  the  earth* 
quake  engineering  problem  were  made  as  far 
back  as  1850,  serious  and  continuing  work  did 
not  get  underway  until  the  earthquake  that 
destroyed  Tokyo,  Japan  in  1923.  Following 
this  catastropte,  groups  were  formed  in  Japan 
and  in  the  United  States  to  collect  and  study 
data  on  destructive  ea-thquakes.  These  steps 
were  only  the  beginning  and  aubaequently  the 
work  gradually  built  up  over  the  yeara,  receiv¬ 
ing  an  added  Impetus  from  each  successive 
destructive  earthquake.  It  appears  that  the 
major  reason  for  the  detay  .:r,  getting  the  work 
started  and  then  built  iq)  v  a  general  mis¬ 
apprehension  as  to  the  role  ii-yed  by  seismol¬ 
ogists.  There  was  a  beiie  a  at  sl»-e  ..lany 
srtsmologist.'-  were  studying  -arthquakee,  and 
L.nce  numerous  selsmograpoic  stations  were 
recording |gtound  motions  in  many  parts  of  the 
world,  it  was  oidy  necesaar-  to  wait  for  them 
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to  provide  the  data  needed  to  solve  the  engi¬ 
neering  problems  of  earthquakes.  It  wis  only 
gradually  realized  that  the  interests  of  the 
seismologists  were  sn  far  removed  from  those 
of  the  engineer  that  hardly  any  of  their  studies, 
or  their  seismographic  recordings,  had  direct 
bearing  on  the  earthquake  engineering  problem. 
It  was  only  when  this  state  of  affairs  was  gen¬ 
erally  recognized  that  the  engineering  work 
really  got  underway.  This  tact  is  stressed 
here  since  U  ‘s  a  situation  that  might  well 
obtain  in  the  explosive-generated  ground  shock 
problem,  namely  tha*  'he  pers/ms  studyiry  the 
explosive-generated  ground  shock  problem  and 
measuring  the  ground  motions  may  have  inter¬ 
ests  different  from  the  engineering  problems 
of  ground  shock  and  hence  their  studies  atsl 
their  measurements  may  not  be  really  per¬ 
tinent  to  the  engineering  problems.  This  may 
be  summed  un  by  saying  that  if  it  is  desired 
to  solve  the  engineering  ground  shock  p.-olj- 
iem,  it  is  essential  that  the  proper  engineer¬ 
ing  studies  and  engineering  measurements  be 
made. 


SEUiMlC  INSTRUMENTS  FOR 
EARTHQUAKE  ENGINEERING 


frequency  range  over  which  there  are  signifi¬ 
cant  componeeis  ‘n  the  ground  motion  is  pret*y 
much  the  same  as  the  range  of  pertinent  fre¬ 
quencies  of  vibration  of  structures,  and  in  this 
sense  the  grrund  motion  is  well  suited  to  the 
problem.  This  means  that  the  details  on  the 
accel’rogram  arc  directly  pertinent  to  the 
structures  under  consideration. 

"I"  le  explosive-generated  ground  motion  is 
.not,  in  general,  well  suited  to  the  engineering 
problem  in  that  it  may  contain  stiong  compo¬ 
nents  having  frequencies  far  removed  from  the 
pertinent  frequencies  of  the  structures  under 
consideration.  In  thi.s  case,  the  Instrument 
used  10  record  the  moticr  may  give  a  record 
whose  details  are  not  pertinent  to  the  struc¬ 
tural  problem.  It  appsars  that  tiie  decisions 
as  to  proper  insliument  characteristics,  what 
to  mr<.sure  and  where  to  measure  it,  etc.,  are 
mure  critical  in  the  case  of  the  exp-  'Sive- 
generated  groural  slmcK  problem  than  in  the 
corresponding  earthquake  problem.  This 
■"leans  that  it  is  importaiit  that  the  persons 
making  these  dec'i.->i'  have  a  good  under¬ 
standing  of  the  engineerin::  problems  for  which 
the  measuiements  are  to  be  made. 


In  1926  m  Japan  [1],  there  was  con¬ 
structed  an  instrument  for  recording  the 
earthquake-  induced  vibrations  of  a  set  of 
thirteen  cantilevers  covering  a  range  of 
natural  (re.-  creies  ot  vibration.  This  was 
the  forerunin-i  of  ihe  reed-gage  now  com¬ 
monly  used  to  measure  explosive-generated 
ground  motion  and  similar  excitations.  After 
the  nature  of  strung  earthquake  ground  motion 
was  better  understood,  it  was  realized  that  a 
much  simpler  instrument  could  give  the  re¬ 
quired  information.  One  hundred  ot  these 
simpler  instruments,  which  consist  essen¬ 
tially  of  a  single  reed  ot  prope-  period  and 
damping  |2|,  have  been  ii  stalled  in  California. 

!r.  t.he  early  193U's  the  U.  S.  Coast  and 
Geodetic  Survey  strong  motion  .••.■celerometer 
was  developea  [3].  This  was  the  first  instru¬ 
ment  of  Us  type  to  be  designed  apectflcaily  to 
record  engine -.■ring  data.  These  Instruments, 
which  are  still  in  use,  had  a  heavily  damped 
pendulum  with  a  natural  period  of  approxi¬ 
mately  1/ltllh  ot  a  second  which  gives  an 
accurate  time -history  of  earthquake  ground 
acceleration.  The  instrument  is  designed  so 
that  its  natural  frequency  is  greater  than  any 
of  tha  natural  frequencies  of  structures  per¬ 
tinent  to  cartliquake  resistant  design.  The 
natural  frequency  of  the  instrument  also  ex¬ 
ceeds  that  o(  any  ot  the  significant  freouency 
components  of  the  ground  mctloii.  Thu 


EARTHQUAKE  GROUND  MOTION 

A  typical  strong-motion  earthquake  accel¬ 
erogram,  recorded  apprcxtrualely  30  miles 
from  the  center  of  a  Magnitude  7.7  shock,  is 
shown  til  Fig.  1  (Taft,  California,  July  21, 

1952).  It  will  be  noted  that  the  number  ot 
zeros  (crossings  of  the  axis)  arc  approximately 
10  per  sec,  the  maximum  accelerations  arc  of 
the  order  of  one  quarter  of  the  acceleration  ot 
gravity,  and  the  duration  of  the  strong  motion 
is  ot  the  urder  of  70  seconds.  Figure  2  shows 
the  integrated  ground  velocity  and  ground 
displacement. 

The  Magnitude,  M ,  of  an  earthquake  is 
defined  in  terms  of  instrumental  measure¬ 
ments  [4],  physically  \1  is  related  to  the 
energy  released  by  the  eurthquake  in  the  form 
oi  seismic  waves  by  the  approximate  expres¬ 
sion  [4] 


tof,„E  =  9.4  ♦  2.14k  -  O.OSM*  (1) 

■where  r  is  the  energy  in  ergs.  No  earth¬ 
quakes  having  Magnitu.les  greater  .an  8.6 
have  been  recorded.  A  Magnltudu  .  earth¬ 
quake  releases  approximately  I-ii  ' '  >rgs  of 
energy  in  the  form  ot  stress  waves  This 
would  be  eleased  by  slicar-type  slipping  ever 
a  (suit  plane  of  the  order  of  100  miles  In 
length  and  25  miles  in  vertical  dimension,  so 
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1  -  Hecordeu  ground  Acceleration  at  Tattp  California  during  the 
♦*^^r»hq-.:ake  oi  Z\  July  1964!;  S69£  component  of  moliwa.  The  infrlrument 
.located  approximately  30  miUfi  fioni  the  center  of  the  fihock. 


Fig.  Z  •  Integrated  ground  velocity  aod  groend  clia- 
placement  for  the  S69li^  component  of  grounu  '>.'>tion 
at  Taft,  California.  Z1  July  \9SZ 
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that  the  energy  release  is  (ar  (roc;  being  a 
point  source.  A  Magnitude  3.$  earthtiuake  can 
be  treated  as  a  point  source  o(  energy  release 
and  the  strongest  ground  motion  in  the  epicen* 
tral  region  (or  U  =  3.5  is  just  on  the  threshold 
u(  being  felt.  The  usual  California  earthquake 
originates  at  a  depth  between  6  to  15  miles 
beneath  the  ground  surface.  Figure  3  shows 
the  ground  acceleration  measured  at  a  dis¬ 
tance  of  approximately  10  miles  from  the  c  - 
ter  of  .1  5  3  Magnitude  shock  [2, 5]  which  may 
be  conm^ed  with  the  really  strong  L;iouan  of 
Fig.  1. 

For  comparison  with  earthquake- induced 
ground  motion.  Fig.  4  shows  the  ground  accel¬ 
eration  recorded  approximately  1000  ft  from 
thie  detonation  of  approximately  200  tons  of 
buried  high  explosive  (Nitromnn)  used  in  a 
quarry  blast  [6] . 

It  was  recognized  in  the  1940's  that  the 
recorded  groi  nd  accelerations  of  strong-motion 


earthqvnkes  the  properties  of  random 

functions  f7]  and  that  the  sigriiticant  average 
propertl.  ..  of  the  ground  motion  should  be 
determined.  For  engineering  purposes,  the 
most  informative  property  of  the  ground  r>a- 
tion  is  the  so-called  response  spectrum  [8,9,101. 
3'hls  quan.'^v  (g  defined  as 

S,  --  (A^  ♦  (2) 

where 

f*  .  -  l2r  \ 

A  =  I  ^  ("T  7 

f*  -  I'irr  \ 

B  =  I  fe  ‘  sin  ( y  rj  d*- 

where  is  evaluated  at  the  time  t  that  gives 
the  maximum  valuo  attained  by  (A^  +  ^ 


Fig.  i  .  Ground  acceleration  recorded  in  Golden 
Gate  PAfk  dur>.ng  the  S.3  Magnitude  earthquaW.>  of 
22  March  19S7  in  San  Francisco 


Fig.  4  -  Ground  accelerations  *'ecorded  1000 
feet  from  a  buried  explosion  of  approximately 
200  tons 


during  the  ground  acceleration  '< .  In  these 
expressions,  T  is  the  period  of  vi'oratioi;  and 
C  is  the  fraction  of  critical  damping,  so  that 

is  a  function  of  T  and  l .  S,  has  the 
dimensions  of  a  velocity. 

It  is  seen  that  s,  is,  in  a  sense,  a  gener¬ 
alization  of  the  Fourier  spectrum  (11].  If,  in 
Eq.  (2),  is  set  equal  to  zero  and  the  cv?''>a- 
tion  is  made  at  time  t  correbpoikiii.b  lu  cai-- 
ryin,!  ine  integration  over  the  comf-'-te  range 
of  t,  then  3,.  corresponds  to  the  Fourier 
spectrum  of  i.  There  iS  a  practical  advantage 
in  using  the  response  spectrum  rather  than  the 
Fourijr  spectrum.  This  arises  from  the  fact 
that  structures  always  have  damping  and  hence 
the  response  spectrum  is  directly  indicative 
of  maximum  response  of  the  structures.  Also, 
the  accelerograms  of  strong  earthquake  mo¬ 
tion  always  show  two  phases,  the  strong  phase 
(direct  reception)  followed  by  a  long  tail 
(reverberaiiuns).  It  is  known  that  tne  tail  has 
no  significant  effect  upon  the  maximum 
stresses  produced  in  damped  structures,  an  ■ 
if  the  tail  is  arbitrarily  cut  off  of  the  rccoru, 
the  corresponding  danii>ed  response  spect.a 
curves  will  be  little  if  at  all  affected.  How¬ 
ever,  the  undamped  response  spectrum  and 
the  Fourier  spectrum  would  both  be  signifi¬ 
cantly  affected  by  the  exclusion  of  the  tail.  It 
is  customary,  when  computing  the  response 
spectra,  to  cut  off  the  tail  of  the  record.*  In 
this  case,  it  is  found  that  the  Fourier  apec- 
trui.'  has  essentially  ‘.he  same  shape  as  the 
uiulamped  response  spectrum  but  with  ordl- 
natus  approximately  5  to  10  percent  smaller 
than  the  undamped  response  spectrum. 

Response  spectra  have  been  computed  for 
a  large  number  of  earthquake  ground  mo¬ 
tions  [8]  .  A  typical  set  of  spectrum  curves 
is  shown  in  Fig.  5.  Ground  motions  recorded 
in  the  general  epicentral  regions  of  large 
Magnitude  earthquakes  ire  found  to  have 
similarly  shaped  spectrum  curves  and  the 
shapes  of  the  average  spectr..in  curves  are 
shown  in  Figs.  8  and  7  to  an  txbitrary 
scale  (12] . 

It  is  also  found  that  ths  spectra  of  ground 
motions  recordad  close  to  the  centers  of  sm:iU 
llagnltuds  (short  duration)  earthquakes  are 
relatively  stronger  In  the  Jiort  period  end. 

Tint  spectra  of  ground  motions  recorded  at 
larger  distances  from  the  epicentral  region 
show  a  relative  attenuation  in  tb"  short  period 
end.  This  is  illustrated  in  Fig.  8  where  the 
spe.Ttrum  curves  of  three  such  earthquake 
motions  are  shown  (12]  . 


Grounu  accelerations  p-oduced  by  air  blast 
have  1  an  measured  during  bomb  tests  and  the 
response  spectra  have  been  computed.  Be¬ 
cause  of  the  wide  range  of  frequency  compo¬ 
nents  in  the  air-blast  induced  ground  motion  it 
is  customary  to  plot  the  spectra  with  frequency 
as  abscissa  instead  of  period  as  is  dene  in  the 
case  of  earthquake  spectra. 

Only  a  relatively  small  number  of  ^ectra 
have  been  computed  for  air-blast  induced 
ground  shock  so  that  the  average  shapes,  ajid 
the  trends  with  yields,  distances,  etc.,  are  not 
BO  well  established  as  in  the  case  of  earth¬ 
quakes.  Moreover,  the  interest  in  the  explosive- 
induced  ground  suuck  is  not  only  in  the  spectra 
at  the  ground  surface,  but  al'' }  at  various  depths 
beneath  the  su.-face.  It  is  desirable  to  estab¬ 
lish  the  typical  shapes  of  these  spectra  lor  the 
conditiomi  under  which  they  are  to  be  applied. 


RESPONSE  OF  STRUCTURES  TO 
EARTHQUAKE  GROUND  MOTION 

Fieure  9  irdicau-s  a  structure  resting  on 
the  ground  and  subjected  to  recorded  earth¬ 
quake  ground  acceleration  i.  The  way  Fig.  S 
iH  drawn  Implies  that  two  special  conditions 
are  latisfled  by  earthquake  problems.  First, 
there  is  the  implication  that  all  parta  of  the 
structure  that  are  in  contact  with  the  ground 
arc  pulled  back  and  forth  with  the  same  ground 
motioa,  or  in  othar  words,  the  shortest  wavs- 
lengtha  la  the  atlamlc  motion  are  sufficiently 
long  compared  to  the  dimenalons  of  the  atruc- 
ture  so  that  there  la  no  significant  tendency 
tu  produce  difftrenUal  dlsplacementa  of  the 
parts  of  pie  structure  that  are  in  contact  with 
the  ground.  Is  the  case  of  explosive-generated 
ground  shock,  however,  the  wavelengths  of 
some  of  the  strong  componems  of  ground  mo¬ 
tion  may  be  appreciably  shorter  than  the 
dimensloos  of  the  structure.  The  structure 
will  then  interfere  srith  tne  tranaient  defor- 
malloo  of  the  surrounding  soil,  and  in  Ihie  way 
the  uoUoo  of  lbs  uurrouuttng  ground,  as  well 
as  ths  coaasqaent  •notion  Impartsd  to  ths 
stiucture,  is  ssodifted  by  the  presence  of  the 
structure  itself.  This  mskes  tne  explosive- 
generated  ground  shock  problem  more  difficult 
to  taalyse  *11X0  Is  tha  earthquaka  problem. 

Eves  If  all  the  waveleng>.ha  of  thb  ground 
motion  are  long  r.omparcci the  dimensions 
of  tha  structure,  there  -  mutual  influence 
between  the  ground  motiou  -  nrt  the  builnlng 
m'.tlon.  Unaer  'he  proper  coi'dltiona,  such  as 
B<.,it  ground,  massive  structure,  etc.,  the  Inertia 
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Fig.  9  -  Single  and  multiple  degrt?  of  freedom  t,triiclure£ 


of  the  moving  building  can  impart  deforma¬ 
tions  to  the  ground.  Altiiough  this  type  of 
ground  coupling,  and  the  type  described  in  the 
preceding  paragraph,  have  been  observed 
during  c.irihqu^es,fsignificant  effects  are 
observed  only  under  very  special  conditions 
and  ordinarily  ground  coupling  can  be  neg¬ 
lected  in  the  earthquake  problem  [2,5,13,14]. 


Tms  represenu  an  oscillatory  motion  which 
at  its  extreme  val..cs  coinoidvS  with  the  enve¬ 
lope  S  of  Eq.  (4).  It  is  found  that  for  earth¬ 
quake  ground  motion  the  maximuru  value  of  > 
given  by  Eq.  (6)  differs  only  slightly  from  the 
maximum  value  of  S  in  Eq.  (4).  In  this  case, 
Eq.  (6)  can  be  used  to  calculate  the  spec¬ 
trum  s,. 


If ;  :  e  structure  of  Fig.  9  aas  a  period  T, 
and  fraction  of  critical  dr mping  c ,  the  motion 
produced  by  the  ground  acceleration  i  can  be 
written 


™  S  lin 
2^ 

(3) 

-  S  co»  1 

(4) 

2*"  _ 

/2rrt  \ 

(5) 

^  S  sin 

i~-y) 

where,  in  the  notation  of  Eq.  (2): 

s  =  (A*  ♦  B^)‘  ’ 

and  a,  i.',  y  are  phase  factors  involving  A  and 
B .  The  foregoing  equations  make  use  of  the 
approximation  (1  t;^)'  '  :  i.  Equation  (4) 
can  also  bs  written  in  the  more  commotdy 


As  can  be  seen  from  Eqs.  (3),  (4)  and  (5), 
the  maximum  relative  displacement,  relative 
velocity,  and  absolute  acceleration  are  given 
by 

I'm,.  =  S,  (8) 

(y  *  *>»..  -  Y  s,  ■  (9) 

Tlie  velocity  response  spectrum  thus 
gives  directly  the  maximum  relative  velocity, 
y,„,  which  also  determines  Uie  maximum 
displacement  and  acceleration.  The  displace¬ 
ment  spectrum  S,,  and  the  acceleration  spec¬ 
trum  S,  are  defined  by: 


encountered  form' 


y 


T 


t(it-V) 


iin  Y  (t 


J<  . 


«) 
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Figure  7  shows  the  average  acceleration  spec 
trum  corresponding  to  ihe  velocity  spectrum 
shown  In  Fig.  6. 


It  Is  seen  that  the  value  o!  S,  is  a  measure 
of  the  maximum  effect  of  the  ground  motion 
upon  structures.  The  spectrum  Intensity  of 
the  ground  motion  is  Uelined  to  l  e  (15]: 


fi  » 

(SI){  =1^  S,  dT.  UO) 

The  rm^e  of  periods  0.1  to  2.5  seconds  covern 
the  range  of  commonly  erdiouu'ered  Duiidlng 
periods  in  Calu  rnia.  't'he  spectrum  Intensity 
is  a  furictlon  of  the  damping,  C,  snd  strong 
ground  motions  recorded  in  the  United  States 
have  had  values  of  ;si)g  ranging  from  4.5  lo 
9  ft  per  sec  and  the  same  motions  had  values 
of  SI,  ]  ranging  from  1.9  to  2.7  ft  per  sec. 

It  Diay  be  noted  that  the  spectrum  shown  in 
Fig.  6  has  (Sli,  «  1  ft  per  sec. 

If  the  structure  has  more  than  one  degree 
of  freedom,  such  as  a  nulti- story  building 
ibratiiig  in  the  >1  pl.'jne,  the  lateral  dis¬ 
placement  y  is  given  by: 


y 


r  ®i*i 


) 


sin  (t  -T)  dr  (U) 

'  i 

where  .  .  is  the  shape  of  t-th  mode  of  vlbra- 
iiuii,  r,  is  the  per ir.d  of  the  i-th  mode,  and 


j  dn 

rT“ 

j  c» 


with  Integrals  being  taken  over  the  mass  of 
the  structure.  By  analogy  with  Kf|«.  (4)  and 
(8),  the  foregoing  Eq.  (1!)  can  be  written: 


An  upper  bound  for  the  maximum  response 
msy  be  written 


of  the  a’  courts  by  which  the  right  side  of  Eq. 
(13)  exceeds  the  left  side  [17] . 

It  Is  seen  that  a  knowledge  of  the  response 
spectrum  S,  permits  very  informative  calcu- 
’ations  to  be  made  as  to  tte  maximum  re¬ 
sponses  of  strcctures.  Fur  practical  purposes 
i*  is,  of  course,  necessary  that  the  pertinent 
iiaracteristlcs  of  the  expected  s,  be 
predictable. 


THE  EFFECT  OF  GROUND  PROPER¬ 
TIES  AND  GROUND  COUPLING 

In  the  case  of  earthquake  ground  motions 
it  is  still  a  moo*  question  as  to  the  precise 
influences  of  local  geological  conditions,  and 
similar  que.ations  arise  concemlitg  the  effects 
of  the  local  geology  on  explosi" -.-generated 
g..'0':nd  motUMi.  Actually,  the  effects  are  prob¬ 
ably  much  greater  lor  the  e:q>losive-genei'Mod 
ground  shock  than  for  the  earthquake  ground 
motions.  For  ■  -ample,  earthquakes  always 
originate  b<  the  santt  geological  stratum,  the 
earth's  crust,  and  the  seismic  waves  travel 
through  the  crust  into  the  region  of  local 
geology  where  the  structure  is  located.  In  the 
case  of  the  explosive-generated  ground  shock, 
however,  (he  significant  seismic  waves  will 
usually  originate  tu  the  same  geological  for¬ 
mation  that  coatains  the  structure  and  hence 
the  effect  of  ground  properties  can  be  expected 
to  be  magnified.  Again,  the  energy  source  of 
a  large  earthquake  is  a  large  area  of  fault 
over  which  slipping  occurs.  The  dimensions 
of  this  area  are  large  compared  to  character¬ 
istic  dtmensioas  of  local  geological  strata,  and 
hence  lix;  miluence  of  local  geology  can  be 
expected  to  h?  less  pronounced  than  in  the 
case  where  the  dimetisions  of  the  energy  source 
are  of  the  same  order  as  the  characteristic 
dimensions  of  the  local  geology,  as  may  be  the 
case  (or  explosive-generated  ground  shock. 
Also,  in  the  case  of  earthquakes  the  significant 
wave'  ingths  In  the  ground  motion  tend  to  be 
long  compared  to  the  characteristic  dimen¬ 
sions  of  local  geology  which  is  usually  not  the 
case  (or  explosive-generated  grcjnd  shock. 


y...  ‘  L 

1 

Sin; liar  expressions  can  be  wrlttei  fur  the 
maximuo'.  velocity,  the  maximum  accelera¬ 
tion,  the  maximum  shear  force,  etc.  Those 
cases  where  the  oscUlattons  of  etruetcres 
during  earthquakes  have  been  recorded  show 
that  the  spectrum  at:proac'.i  gives  good  re¬ 
sults  [?,16| .  InvestigMions  have  been  made 


The  effect  of  ground  coupling  can  be  ex¬ 
pected  to  be  important  In  'he  nt  exploslve- 
gei«rated  ground  shock.  In  this  case  t-ie 
dimensions  of  the  stcnctuie  ..::ry  be  large 
compared  to  the  wavelengt’i.'* .  '  significant 
grerind  motion,  and  the  r>eU'.‘y  of  the  structure 
mav  be  large  cc  rr.ared  to  the  igidlty  of  the 
Bvviuunding  sott.  The  effect  of  these  condi¬ 
tions  is  that  the  structure  will  inhibit  the 
natural  deformation  of  the  soil,  and  because 
of  this,  the  structure  will  be  isubjocted  to 
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certain  forces.  Also,  because  of  tnis  the 
motion  imparted  to  the  structure  uiU  be  dif¬ 
ferent  from  the  motion  the  ground  would  have 
had  in  the  absence  of  the  structure.  Further 
studies  of  the  general  character  and  influence 
of  ground  coupling  are  needed  to  clarify  the 
situation. 

Anotl.er  difference  between  the  earth¬ 
quake  problem  and  the  explosive-generateo 
grounr'  s'.ock  problem  is  that  in  the  ~r?e  of 
the  earthquake  the  stresses  produced  in  the 
soil  by  the  selsi.ilc  wavea  .arc  not  ver>  large. 
It  is,  in  general,  only  in  the  vicinity  of  the 
hypocen^er  of  the  earthquake  that  the  stresses 
are  sufficiently  large  to  produce  failure  and 
itraining  beyond  the  elastic  rar>ge.  In  the 
case  of  the  lerated  ernenA  shock, 

however,  the  structure  nay  be  at  a  location 
■Where  the  seismic  waves  produce  stresses  in 
the  ground  that  are  far  beyond  the  limit  for 
clastic  stresses.  In  this  case,  the  effect  upon 
'hr  structure  may  depend  strongly  upon  toe 
n  nl inear  properties  of  the  soil. 


THE  RULES  FOR  THE  DESIGN 
OF  STRUCTURES 

Both  in  the  l  ase  of  earthquakes  and  of 
explosive-generated  ground  shock  it  is  quite 
impossible  to  predict  the  ground  motion  that 
the  structure  will  actually  experience  in  the 
future,  li  is  thus  also  iripussible  to  predict 
the  Ktresaeb  that  will  be  Induced  in  a  struc¬ 
ture  bv  some  future  ground  motion.  It  is 
imporUnt  to  realize  that  expected  ground 
motions  and  expected  stresses  can  be  dis¬ 
cussed  only  ill  terms  of  probabilities.  Be¬ 
cause  of  this,  the  design  of  a  structure  can  be 
judged  only  from  the  following  two  points  of 
view:  first,  what  is  the  probability  that  the 
structure  will  be  overstre  ««<*'!•  'hat  Fav.  i' 


have  an  adequate  factor  of  safety  ?  and  second, 
are  the  '  reugtlis  of  the  various  parts  con- 
si.stent';  that  is,  are  tactors  of  safety  of  the 
parts  the  same? 

The  first  of  the  above  questions  can  be 
u.iswered  only  on  the  basis  of  a  quite  arbitrary 
decision  for  it  is  not  possible  to  estimate  the 
D  iximum  grourd  shock  to  which  the  structure 
lay  be  subjected,  nor  is  it  possible  to  evaluate 
accurately  the  probabilities  of  occurrence  Tc 
achieve  unifornr:  factnrr.  .of  safety  is  highly 
desirable,  particularly  to  avoid  points  of  weak- 
noss.  Design  specifications  are  aimed  at 
'  chieving  this  uaifoi  mity  of  strength  but  be¬ 
cause  of  the  complexities  and  indeterminacies 
in  the  ground-shock  problem,  it  is  not  at  pres¬ 
ent  possible  to  write  an  airtight  design  specifi¬ 
cation  Lhat  wiii  cover  all  aspects  of  the  problem 
with  equal  validity.  In  fact,  the  problem  is  so 
complex  tlial  it  will,  probably,  never  be  p.'.ss:- 
ble  to  coiiipvise  su'  b  design  specifications. 

The  designer  must  1  eep  in  mind  that  the  speci¬ 
fications  are  not  completely  correct  and  in 
deciding  how  to  apply  the  design  Sfiecifications, 
he  should  ho  gulden  by  the  intent  to  achieve 
uniform  factors  of  safety. 

Design  specif. cations  often  embody  ideal¬ 
ized  spectra  that  are  based  on  free-field 
measurements  in  a  particular  type  of  soil. 
These  specifications  will  not  describe  accu¬ 
rately  the  ground  motion  to  be  expected  in  soil 
having  different  preperties  or  having  other 
local  geological  differences;  neither  will  they 
describe  accurately  the  motion  to  be  xpected 
if  a  structure  is  built  in  the  soil  and  there  is 
significant  coupling.  This  requires  that  con¬ 
siderable  judgment  should  be  used  in  the  appli- 
catio.,  of  the  ^ecilications,  and  the  difficulties 
encountered  in  applying  the  specifications 
should  serve  as  an  indication  oi  the  proper 
—  CO  ’•iremcr.tc  lu  be  made  in  future  tests. 
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DISCUSSION 


Mr.  Stern  (General  Oectrlc  Co.):  I  wonder 
if  you  would  comment  on  bow  you  calibrate  the 
instruments  that  are  used.  The  reason  I  ask 
iiiis  is  that  a  while  back  we  were  concerned  with 
building  a  reference  platform  fur  caLbrating 
inertial  devices.  I  got  into  the  business  of 
measuring  mirrosci«m«;  I  believe  these  are 
very  r,ne  earth  tremors.  Apparently  no  one 
has  a  satisfactory  method  for  calibrating  real 
tine  earth  tremors  which  might  be  equivalent 
to  calibrating'  real  accurate  i.nertlal  equip¬ 
ment.  Do  you  have  any  imormatlon  on  tIUs 
or  have  you  done  any  work  along  these  lines? 

Dr.  Housner:  No,  I  can't  answer  that 
question.  'You  are  now  asking  about  ground 
motions  that  are  outside  of  the  scope  of  the 
engineei  ing  problem.  In  our  case  the  instru¬ 
ments  we  are  interested  in  are  the  acceler¬ 
ometers  and  those  do  not  need  to  be  cali¬ 
brated  as  accurately  as  I  think  the  bistruments 
you  are  concerned  with  must  be. 

Mr.  Burns  (AMF,  Greenwich):  X  riouced 
you  had  acceleration  response  spectra  there 
that  seemed  to  Increase  In  c:agnitude  with 
Increased  damping.  Did  I  read  it  ri-gbl? 


Dr.  Housner:  Yes. 

Mr.  Bums:  Would  yoii  consider  this  typi' 
cal  of  all  ground  disturbances,  including 
nuclear  weapons,  or  would  you  consider  this 
peculiar  to  earthquake  environments? 

Dr.  Housner:  The  effect  is  more  pro- 
nounced  in  the  case  of  tlie  strong-  motion 
earthquake  becau.'e  of  the  long  duration.  On 
a  very  short  dishirbance  the  effect  of  the 
damping  is  very  small. 

Mr.  Burns:  In  effect  you  are  suggesting 
that  there  is  a  fait  amount  of  resonance  and 
the  damping  depresses  this  in  the  eartliquake 
appllratina. 

Dr.  Housner:  Yes,  in  a  r'.'-  se,  if  it  has  a 
long  duration,  if  we're  taiklng  15  or  20 
seconds  which  is  a  big  earth:v 

T  'r.  burns:  bu  you  have  any  reason  to 
suep^t  that  this  Is  net  typical  of  a  nuclear 
weapon? 
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Dr,  HouBner:  All  I  would  <wy  -s  the  cor- 
reqpooding  spectra  made  from  explosive  gen¬ 
erated  ground  shock  have  different  shapes. 

For  one  thing,  the  high  frequency  end  is  much 
exaggerated  in  those  cases  and  the  duration  of 
the  ground  motion  doesn't  by  any  means  come 
out  to  15  or  30  seconds  for  the  e^loslve  gen¬ 
erated  gi  ound  shock. 

Mr.  Bendat  (Ramo-Wooldrldge):  I  would 
like  to  ^  a  question  about  turther  staustical 
analysis  of  the  c!!«*a.  Your  use  of  the  word 
spectruir.  was  quite  limited  aral  displayed  only- 
velocity  information  as  a  function  of  period. 

In  other  connotations,  and  particularly  the 
analysis  of  random  phenomena,  the  word  spec¬ 
trum  usually  has  the  interpret^on,  let  us  say, 
of  the  mean  square  acceleration  per  cps  as  a 
funciiun  of  frequency.  And  besides  this  com¬ 
mon  idea  of  power  spectral  density  function, 
there  is  also  the  requirement  for  making 
statistical  analyses  of  amplitude  probability 
u>  .sities  and.distrlbutions  for  the  acceleration 
data.  I  wonder  if  you  could  comment  on  both 
of  thee:  ';d^ti':nal  requirements  for  (•urther 
;:iaiistlcai  Information. 

Ur.  H^sn^:  I  can  say  this;  the  q|)eGtra 
shown  are  the  su-called  response  spectra. 
They  are  not  tlie  Fourier-type  qpectrum. 
Studies  have  been  made  in  t^  case  of  earth¬ 
quakes  that  show  that  the  earthquake  ground 
motion  -:ai<  be  considered  to  a  i  ^jxlom 
function  A.'toh  is  a  sample  from  a  population 
of  random  functions.  If  you  compute  on  the 
basis  that  the  random  function  is  gaussian  and 
whita  you  can  duplicate  almost  all  trf  the 


propertif^' j  of  the  earthquake.  So  that  part  of  the 
statlstica.  theory  has  been  worked  out  quite  in 
detail. 

Mr.  Blaite  (Lockheed):  When  I  was  working 
or  Navy  ship  shock  we  used  the  earthouake 
spectrum  and  called  it  a  shock  spectrum.  We 
ran  into  a  difficulty  which  waj  that  the  shock 
sr.  ctrum  taken  at  tne  foundation  of  a  heavy 
piece  of  equipment  showed  a  pronounced  dip 
at  the  antirpsonanco  of  that  equipment,  some¬ 
thing  which  is  usually  called  the  natural  fre¬ 
quency  of  the  equipment.  You  associated  a 
peak  with  the  resonattce  of  a  building  and  I  was 
wondering  whether  ?'?  have  things  backwards 
or  whether  the  same  surt  of  thing  occurs  in 
earthquake  spectr't? 

Dr.  Housner:  The  same  thing  -oes  net 
occur  in  earthquake  spectra.  T'-  -  peaks  we 
observe  are  the  influence  of  the  force  exerted 
by  the  building  on  the  foundation  on  the  ground. 
Now  in  your  case  it  sounds  to  me  as  if  you  bad 
a  pituatlon  in  wu.  h  some  of  the  energy  was 
being  pumped  into  snnr.  mass  and,  as  a  con¬ 
sequence,  the  point  at  which  ycu  were  measur¬ 
ing  did  not  vibrate  as  much  as  it  would  have 
otherwise. 

Mr.  Blake:  Yes.  A  crude  analogy  is  that 
it  acts  like  a  vibration  damper.  It's  not  a  g.-xx! 
analogy  but  a  crude  one. 

Dr.  Housner:  That  Is  not  observed  in  the 
case  of  earthquake.  Largely,  I  think,  because 
of  the  random  nature  of  the  excitation  and  its 
long  duration. 
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MODEL  EXPERIMENTS  PERTAINING  TO  THE  DESIGN 
OF  UNDERGROUND  OPENINGS  SUBJECTED  TO 
INTENSE  GROUND  SHOCKS 


John  S.  Rinehart 
Mining  Reaearcn  Laboratory 
Colorado  Schr  A  of  Mine* 


In  there  experiment*  explosive*  were  detonatetl  above  opening*  precast 
in  five  brittle  rock-like  modeling  material*.  The  *hapc*  of  the  open¬ 
ing*  and  the  depth*  from  a  free  face  were  varied.  Th.*  paper  describe* 
the  result*  of  *ome  two  hundred  te*t*  which  provide  an  ec-ellent  insight 
into  the  rature  of  failures. 


INTRODUCTION 

Model  experiments  pertaining  to  the  de¬ 
sign  of  underground  openings  subjected  to  in¬ 
tense  groukl  shock  have  been  initiated  and 
preliminary  observations  made.  Most  under¬ 
ground  openings,  in  practice,  are  designed  by 
usisi,  rtaticaily  determinea  rock  properties 
arid  liueraJ  safety  factors.  In  an  opening  spe¬ 
cifically  designed  to  withstand  dynamic  loads 
it  is  the  dynamic  properties  of  the  material 
and  the  rapidly  chan^ng  dynamic  stress  situ¬ 
ation  ibat  must  be  taken  into  consideration. 
These  experiments  were  begun  with  the  thought 
Uot  they  would  eventually  provide  certam 
guide  lines  for  the  design  of  underground 
openings  having  sotiiewhat  increased  resist¬ 
ance  to  failure  when  subjected  to  intense  tran¬ 
sient  dynamic  toads. 

In  these  experiments  an  exploaive  was 
detoiuted  above  an  opening  precast  in  several 
brittle  rock-llke  modeling  materials,  plaster 
of  Paris,  paratflu-sall  mixture,  and  so  forth. 
The  explosive  charge,  9  grams  of  compositica 
C9,  and  the  over-all  size  of  the  uodele  were 
ke^  constant.  The  shape  of  the  opening  and 
the  depth  to  the  opening  from  a  free  face  were 
varied.  Five  modeling  materials  having  dif¬ 
ferent  physical  properties  and  three  general 
shapes  of  openings  were  used.  To  simulate 
an  infinite  medium  ae  would  be  found  under¬ 
ground,  the  model  was  confined  during  the 
experlmmit. 


Two  huiki-ed  tests  were  run.  Fifty  were 
used  to  determine  the  correct  size  of  explo¬ 
sive  charge  and  the  proper  size  model.  The 
remaining  one  hundred  and  fifty  were  used  in 
the  actual  eoqierlment  on  fracture  patterns. 


MOOEUNG  IdATERlAUt  AND 
PHYSICAL  PROPERTIES 

Five  simulated  rocks  were  made  up  and 
used  with  these  basic  conptituents;  Ideal  Port¬ 
land  cement.  Type  1;  Red  Top,  No.  1,  moulding 
plaster;  Tex-Wax;  vermicuiite  No.  1;  salt; 
water.  Tabie  1  gives  the  actual  compcsitloan 
of  the  live  dlHerent  mixtures. 

Six  physical  properties  of  the  model  ma¬ 
terials  were  teated;  hardness,  compressive 
■trengUi,  tensile  strength,  shearing  strength, 
modulus  of  rupture,  and  the  velocity  of  sound. 
For  each  phyuical  nroperty  three  small  qpec- 
imenn  were  prepared  ssd  teated;  the  teat 
qiecimsan  were  cubes  1  inch  by  1  inch,  awl 
paraileii^pipedc  is  Inches  by  1  inch  by  1  inch 
Mid  8  inches  by  l.S  inehen  by  S  inehea.  Re- 
imUs  are  Uaiod  in  Tables  2  and  S. 

To  teat  the  compreEzi . :  strength  and 
haidaess,  the  specimens  wr  •  rirat  allowed 
tc  dry  for  twe  weeks.  liar.v’-.ess  of  ine  specl- 
m'.ns  was  detc-minAd  before  .:ompre8aion 
w.(h  a  Shore  scleroacope.  The  qieclmena 
were  then  placed  between  two  pieces  of 
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TABLE  1 

Cciupofaition  of  Model  Materials 


TABLE  2 

Physical  Properties  erf  Modeling  Materials 


Material 

Physical  Properties 

Hard¬ 

ness 

Compressive 

Strength 

(lb/lii>) 

Tensile 

Strength 

(lb/in») 

Shear 

Strength 

(Ib/inJ) 

Modulus 
of  Rupture 
(U)/in2) 

Avg. 

Avg. 

Avg. 

Avg. 

Plaster 
of  Pauls 

4 

1460 

1465  1502 
1580 

296 

299  270 

215 

641 

498  548 

504 

224 

266  246 
248 

Piaster  of 
Paris-Cement 
(5-1  ratio) 

' 

5 

ISiO 

1960  1666 
1730 

415 

396  426 

466 

430 

712  585 

612 

234 

236  235 
234 

Plaster  of 
Paris-Cement 
(5-S  ratio) 

6 

1490 

1450  1433 
1390 

274 

240  263 

525 

S7S  aaZ 

557 

222 

245  235 
237 

VermicuUte- 
Cement 
(4-1  *atlo) 

0 

316 

356  319 

286 

10 

U>  lu 

10 

Paraffiu- 

Salt 

(1-5  ratio) 

0 

106 

295  322 

364 

10 

■  i 

141 

92  119 

125 

146 

15-.  137 

340 

TABLE  3 

Velocity  of  Longitudinal  Sound  Wave 


Model  Material 

Velocity  of  Sound 
(ft/sec) 

Plaster  of  Paris 

7579  -  9088 

Plaster  of  Paris- 
Cement  (5-1  ratio) 

8530  P87' 

Piaster  of  Paris- 
Cement  (ri-.3  ratio) 

8300  -  8497 

Vermicullte -Cement 

not  measured 

Paraffin-Salt 

7447  -  8497 

cardboard  ami  loaded  to  failure  in  a  testing 
machine;  the  rate  of  loading  was  uniform. 

As  th  specimens  had  a  height-width  ratio 
which  was  greater  than  one  to  one,  the  results 
were  converted  to  the  equivalent  1:1  ratio  1 
the  following  equation: 


- - - B- 

0.778  ♦  0.222-^ 

v.'hert  is  the  compressive  strength  of  an 
equivalent  cubical  specimen;  the  compres¬ 
sive'  strength  of  the  specimen  having  a  height 
gre..;t.  r  iHan  Lite  diameter  or  lateral  dimen¬ 
sion;  0 ,  '.he  diameter  or  la'  al  dimension; 
and  h,  tho  height. 

The  speciinens  were  prepared  for  tensile 
strength  determinations  by  gluing  circular 
steel  plates  onto  the  ends  of  the  specimens 
with  "plastic  steel."  The  plates  had  a  threaded 
female  joint  sunk  in  the  renter,  the  male  end 
of  a  universal  joint  being  screwed  into  this 
plate,  and  this  in  turn  was  connected  to  the 
testing  machine  by  means  of  a  bar.  They  were 
then  pulled  to  failure. 

In  the  case  of  the  vermiculite-cement  and 
the  psraffiu-Mu  nu  ultimate  fail’n-e  load  could 
be  obtained  because  the  s,'x.*cimens  failed  in 
the  testing  machine  before  a  load  could  be 
applied. 

Shearing  strength  was  determined  by 
placing  the  specimen  in  a  shearing  device 
which  consisted  of  two  cutting  edges,  the  load 
being  transmitted  by  means  of  a  plate  and  ball 
bearing.  Tite  shearing  strength  was  calculated 
by  dividingthe  load  bytwicethecro£..-sectlonal 
area  as  the  specimens  failed  in  <Joub>e  shear. 


The  methud  of  testing  for  the  modulus  of 
rupi;<>‘e  was  to  lay  the  spebiuicii  on  two  knife 
edgei  4  inches  apart,  and  load  them  in  the 
midiile  by  means  of  a  third  knife  edge,  until 
failure.  ‘Hie  modulus  of  rupture,  MR,  was 
calculated  from  the  equati<|i: 

where  P  is  (he  load  in  pounds;  L ,  the  distance 
between  knife  edges  in  inches;  b ,  breadth  of 
the  specimen  in  inches;  and  d ,  its  depth  in 
inches. 

The  veloci^  of  sound  through  the  mate¬ 
rial  was  measured  by  placing  a  barium  titan- 
ate  crystal  on  each  ^  of  a  prepared  speci¬ 
men.  An  c’ectrical  pui.  e  was  produced  by  a 
pulse  generator  and  cot  verted  to  a  mechanical 
pulse  by  one  of  the  crystals,  the  transmitted 
pulse  then  being  picked  up  at  the  far  end  of 
the  specimen  by  the  other  crystal.  The  time 
it  took  the  pulse  to  travel  along  the  specimen 
was  mtasuT—i  by  means  of  an  oecillcscopc. 
Knowing  the  length  of  tlie  specimen  and  time 
of  travel  of  the  pulse,  the  velocity  of  sound 
was  readily  determined  (see  Table  3). 


THE  EXPERUdENTS 

Selection  of  Size  of  Model 
and  Explosive  Charge 

An  S-inch  cube  was  selected  as  the  best 
size  for  the  model,  three  factors  being  taken 
into  consideration:  (1)  ease  of  handling,  (2) 
economy  of  material,  and  (3)  ease  of  cbtaining 
results.  Early  models,  A  inehea  by  8  inches 
by  4  inches  were  found  to  be  too  small  for  de¬ 
sired  results,  while  12-inrh  cube  models 
proved  to  be  too  large  for  easy  preparation 
and  handling. 

Openings  simulating  tunnels  were  formed 
by  r.a«Uag  the  model  material  around  a  wood 
block  and  removing  the  block  after  the  mate¬ 
rial  had  set.  T'Uiioels  of  circular,  saw-toothed, 
and  repbmgidar  cross  section  each  having  di¬ 
mensions  o(  tne  order  of  an  inch  or  so  were 
made  in  this  way.  The  stratagem  was  to  try 
to  make  tb?  opening  of  such  size  and  to  so 
place  it  with  reflect  Id  th:  r.-tplosive  charge 
that  various  qualities  of  faiVare  would  manifest 
themselves. 

Determination  of  *ho  of  the  explosive 
'  '.IS  a  major  ;  .nhlem.  Blafing  caps  alone  did 
:'.ot  produce  the  desired  effects  and  charges  of 
Composillao  C3,  proving  more  successful. 
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were  used.  Cylindrical  charges  of  1/4,  3/8, 
1/2,  5/8,  and  3/4  inch  diameter  and  ler>,;;tha  of 
2-1/2  times  the  diameter  were  tested,  the 
chu-ges  being  initi’ited  with  an  Engineers 
Special  No,  10  electric  blasting  cap.  The  1/2- 
inch  diameter  charge,  ii  grams  in  weiglit  and 
2-1/2  inches  long,  gave  best  results.  In  most 
cases  the  charge  was  placed  on  end  in  the 
center  of  the  block  directly  above  the  center 
of  tlie  tunnel  and  detonated  from  the  top.  in  a 
lew  cases  it  was  placed  eccentrically. 

The  sizes,  shapes,  and  locations  of  the 
many  model  tunnels  can  best  be  appreciated 
by  examining  the  numerous  drawings  in  the 
Appendix.  Th^ee  general  shapes  of  openings 
were  used:  circular,  rectangular  including 
square,  and  saw-tooled,  each  opening  running 
the  full  length  of  the  block  and  having  uniform 
cross  section.  The  circular  openings  were 
1-3/16  inches  and  1-5/8  inches  in  diameter 
and  were  placed  2  inches,  2- 1/2  inches,  and 
3  inches  telow  the  surface.  One  group  of 
open'.  -•  ranging  from  1  inch  to  3  inches  in 
width  lud  saw-tooth  shaped  roofs  with  one, 
two,  ami  three  notches. 


Preparation  of  tiic  Models 

Cardboard  boxes  of  the  proper  size  were 
used  for  the  melds,  with  the  wo^  block  tunnel 
molds  placed  at  the  desired  distance  from  the 
bottom  of  the  box  and  held  in  place  by  screws. 
The  box  was  < <flncd  by  steel  plates  to  pre- 
verd  bulging  of  sk*  j. 

In  paraffin- salt  models  the  paraffin  was 
brought  to  a  temperature  considerably  higher 
than  itc  melting  temperature,  after  which  the 
salt  was  stirred  into  the  melt.  The  salt  and 
paraffin  were  thoroughly  mixed  and  after  being 
moided  the  mixture  was  allowed  to  cool  for  24 
liours  at  room  temperature.  The  paraffin-salt 
models  required  no  additional  treatment. 

The  other  f<x7  types  of  blocks  were  pre¬ 
pared  by  mjcf.::;  tbo  materials  with  the  re¬ 
quired  amount  of  water  and  then  pouring  the 
mixture  through  a  No.  4  sieve  into  the  box. 

The  piaster  ot  Paris  and  plaster  of  Paris- 
cement  models  were  dried  in  an  oven  for  48 
hours  at  a  teiuperature  of  8S°C  and  left  there 
an  additional  24  hours  after  the  oven  had  been 
turned  oil.  A  different  method  v/aa  employed 
to  cure  the  cement-vermicullte  models,  .^ter 
removal  from  the  paper  molds  and  removal  of 
the  tunnel  mold  tliey  were  placed  under  water 
for  five  days  after  which  they  were  treated 


as  the  plaster  of  Pirts  and  plaster  of  Parie- 
cement  modeiv  above. 


Firing  Tests 

Prior  to  firing  the  explosive,  all  models 
were  inspected  to  see  that  the  surface  which 
the  explosive  would  be  affbied  was  perfectly 
ciu'oth  The  open  ends  of  the  tunnel  were 
taped  _>nut  and  the  model  was  placed  in  a  hole 
of  depth  equal  to  msdei  height.  Dirt  was 
tamped  around  the  molel  to  simulate  an  infi¬ 
nite  medium  and  the  explosive  was  placed  on 
the  model  with  the  detonator  In  place. 

After  firip.g  the  charge,  the  model  was 
recovered.  In  some  cases  the  model  was  so 
badly  fractured  that  it  was  of  no  use  and  was 
disposed  of  i.mmediately. 


Preparation  for  Post-Monein  Examination 

After  blasting,  ih-  model  was  sectioned 
ihrough  the  crater  perpendicular  to  the  axis 
of  the  tunnel.  The  cut  face  was  cleaned  and 
lithium- grease  applied  to  bring  out  the  minute 
fractures  clearly.  A  fluorescent  paint  and 
black  light  method  did  not  prove  satisfactory 
although  it  did  show  the  compressed  and 
crushed  zone  around  the  crater  quite  clearly. 

After  measurements  of  the  crater  and  the 
fractured  areas  were  completed,  drawings, 
sheets  1  through  15  of  which  are  reproduce 
in  the  Appendix,  were  made  and  arranged  six 
or  nine  to  a  sheet.  These  drawings  are  cross- 
sectional  views,  showing  individual  fracture 
patterns.  The  depression  at  the  top  of  center 
of  each  sketch  is  a  cross-sectional  view  of  the 
crater  produced  by  the  explosive,  the  dashed 
line  being  the  crigiiol  surface  of  the  block. 

The  fine  lines  define  the  fractures  and  the 
heavy  lines  the  shape  and  location  of  the  orig¬ 
inal  opening.  Where  a  part  of  the  opening  is 
blown  clean  away,  the  original  opening  Is 
shown  dashed. 


DliSCUSSION  OF  RESULTS 

When  an  exploe>.’  ■  charge  is  detonated  in 
Intimate  contact  with  a  massive  uud» ,  luch  as 
one  of  the  models  described  here,  a  gh- 
intensity  tr.TacicTit  stress  w-ve  novt out 
spherically  from  the  source  of  th'  >jslon 
leaving  damaged  material  in  its  wake.  The 
pattern  of  >'  .mage  gene:  .dcd  is  usuaJl;.  com¬ 
plex  with  the  origins  of  certain  fractures  being 
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obscure  and  others  being  reasonably  well  un¬ 
derstood.  It  is  usually  not  possible  to  specify 
a  priori  'vhich  ol  the  many  possible  fracture 
patterns  will  predominate. 

The  attempt  to  choose  the  models  large 
enough  to  eliminate  the  boundary  effects  was 
substaiiliaily  successful,  the  models  in  general 
acting  as  bodies  of  semi- infinite  extent  «•  coot 
in  the  area  surrounding  the  underground  open¬ 
ing. 

View  temporally  the  damage  falls  into 
three  categories:  (1)  tt,at  occurring  concom¬ 
itantly  with  passage  of  the  initial  wave;  (2)  that 
which  waits  until  the  stress  wave  has  teen  in¬ 
fluenced  by  one  or  more  boundaries;  and  (3) 
that  which  takes  place  much  more  leisurely, 
arising  from  the  diverse  residual  velocities 
imparted  to  different  regions  of  the  mass  as 
a  consequence  of  passage  and  interference  of 
stress  wa"cs.  Crushing,  cratering,  shearing, 
and  radial  fracturing  fall  into  the  first  cate¬ 
gory;  spalling  or  sccbblng  of  the  tunnel  roo 
and  walls  into  the  second;  and  caving  into  trie 
third. 

Ail  five  materials  reacted,  qualitatively, 
about  the  same  except  for  the  paraflin-salt 
mixture  which,  being  more  pliable  than  the 
others,  underwent  consider^le  plastic  distor¬ 
tion  ill  situations  where  the  other,  more  brit¬ 
tle,  materials  did  not. 


Ciatering 

When  the  explosive  detonates,  rock  in  the 
immediate  neighborhood  of  the  explosion  frac¬ 
tures  and  is  blown  out,  leaving  a  permanent 
crater  shown  in  cross  section  Ir  each  of  the 
drawings.  Since  in  tliese  tests  oniy  one  size 
of  charge  was  used,  there  was  not  opportunity 
to  observe  effect  of  size  of  explosive  on  size 
and  shape  of  craters  Approximate  typical 
crater  din>c:u.ions  are  given  in  Table  4.  Cra¬ 
ter  diameters  range  from  2  inches  for  the 
hard  olastor  of  Paris  to  about  4  i.'u.ties  for  the 
soft  vermic'ilile,  it  being  expected  that  some¬ 
what  larger  craterc  world  to  made  in  the 
weaker  uiateriais,  vermiculite-cement  aixl 
paraffin- salt;  tho  crater  depths  were.abcut 
oiie-half  to  one-t!iird  crater  diameters.  The 
quantitative  correlation  between  any  one  phys¬ 
ical  pro(>erty  and  the  crater  dimensions  is  not 
especially  high 

Crusiied  Zone 

Immediately  below  tlie  craior,  in  Umse 
cases  where  the  iuiinei  c'id  n'H  completely 


TABLE  4 

Ap  laximate  Typical  Crater  Dimensions 


Model  Material 

Crater  Dimensions 

Diameter 

(in.) 

Depth 

(in.) 

Vcrmiculite-Cemem 

3.7 

1.8 

Paraffin-Salt 

quite  variable 
2.5  -  3.7 

1.1 

Plaster  of  Paris 

2.8 

0.8 

Plaster  of  Paris- 
Cement  (5-1  ratio) 

2.0 

0.3 

Plaster  of  Paris- 
Cement  (5-3  ratio) 

2.0 

0,0 

collapse,  there  i.s  a  quasi-Kemispherical  zone 
ot  heavily  compacted  or  crushed  material.  In 
this  region,  uie  affected  plaster  of  Paris  is 
less  pervious  lu  liquid.^,  iis  extent  being  clearly 
delineated  by  soaking  in  a  liquid  dye.  The  re¬ 
gion  extends  in  plaster  of  Paris  down  about  1 
Inch  below  the  bottom  of  the  crater,  being 
thickest  at  the  center  and  tapering  off  toward 
the  edge. 


Shearing 

In  several  instances  (listed  in  Table  5), 
the  force  of  the  eiqiilosion  was  sufficiently  In¬ 
tense  to  shear  the  model  material  clean 
through,  plugging  the  tunnel.  The  weaker  ma¬ 
terials,  as  was  to  be  expected,  sheared  most 
readily.  Compare  the  three  vermiculite- 
cement  specimens  61,  62,  and  63,  Sheet  6,  and 
the  three  paraffin-salt  specimens  21,  4B,  and 
52,  Shoot  3  with  similar  plaster  of  Paris 
specimens  IT,  27,  and  30,  Sheet  B.  A  photo¬ 
graph  of  the  plugged  opening  of  the  paraffin- 
salt  specimen  number  52  is  reproduced  in 
Fig  1. 

The  three  plaster  of  Paris  specimens  43, 
4u,  and  3;  aiiuiv  clearly  the  effect  of  size  of 
opening,  th»  3-inch-wide  tunnel  having  sheared, 
while  the  1-Inch  and  2-i  'c**.  ‘•laneln  did  not.  It 
is  significant  that  the  lesistnnce  to  ehear, 
proportional  to  iiic  urea  cp  sheared,  is  the 
same  in  each  oi  the  thref.  r,.  u,  but  t>>at  the 
total  force  avtiluble  to  prod-ve  the  shear  is 
gv.'.ilest  lor  tl  3-i;ich  tunao'.  All  three  sim¬ 
ilar  tunnels,  specimens  61,  62,  and  63  sheared 
in  the  vermiculile-cement  mixture,  a  material 
with  about  one-flftleth  of  the  shear  strengUi 
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TABLE  5 

Cases  in  Which  Plugging 
Due  to  Shear  Occurred 


Sheet 

Specimen 

Materia! 

1 

113 

Paraffin-Salt 

2 

122,  128 

Paraffin-Salt 

3 

49. 

Paraffin- Salt 

4 

134,  131, 

132 

Vermiculite-Cement 

5 

137,  141 

144 

Vermiculite-Cemcnt 

6 

61.  62.  63 
64,  63,  66, 
69 

Vermiculitc  -Cement 

17. 

31 

Plast-er  ol  Paris- 
Cement  (5-1  ratio) 

yig,  I  -  Shraring.  The  plugged  opening  ol  a 
paratiifi-ialt  apecinien  No.  bi. 


of  plaster  u(  Paris.  Only  two  of  the  tunnels, 
the  2  inch  and  3  inch,  specimens  48  and  52, 
Sheet  3,  ef  tlie  paraffin-salt  models  she,'red. 
This  material  had  about  one-fifth  the  shear 
strength  of  plaster  of  Paris.  Generally  the 
probability  of  shear  occurring  is  greater  wPh 
square  and  rectangular  openings  than  v  iCi 


circular  or  saw-tuolhed.  Shearing,  of  couise, 
becomes  less  tiko'y  to  occur  the  deeper  the 
opening  is  bm .ed.  Many  of  the  specimens 
illustrate  this  point  but  drawings  on  Sheet  C 
are  especially  germane. 

Permanent  Deformation 

paraffin-salt  material  was  the  most 
pliable  of  the  materials  used  for  the  models 
and  showed  a  marked  tendency  to  deform 
permanently,  a  circular  tunnel  opening  1-3/16 
inches  in  diameter,  buried  3  inches,  assuming 
a  more  or  less  elliptical  shape  (specimen  120, 
Sheet  1,  shown- also  in  Tl;;.  2). 


Fig.  Z  ~  Peruiancnl  deformation.  A  circular 
tunnel  opening  1-3/16  inchee  in  diameter  and 
buried  3  inches,  has  assumed  a  rr.ore  or  less 
elliptical  shape.  Material,  paralfin-salt. 


Radial  Fractures 

In  some  of  ttie  specimens  (see  particu¬ 
larly  numbers  18  26,  Sheet  9),  several 

fractures  extend  out  radially  frrnt  •'>c  orator 
area.  There  are  five  sucii  fracture*'  in  spec¬ 
imen  18,  spaced  about  30  d-.-grees  i-.'  irl.  It  is 
likely  that  these  radial  fractures  :1c  'op  as 
Uic  spherically  expanting  shoe!'  w'.< . mover 
outward,  ♦.  e  fracturch  '-•eing  a  dlrec'  conse¬ 
quence  cl  the  hoop  stresses  which  are  indige¬ 
nous  to  the  front  of  such  a  diverging  wave. 


.  \ 
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Spalling 

The  roofs  of  many  of  the  tunnels  spalled. 
An  example  is  shown  in  the  photograph  repro¬ 
duced  as  Fig.  3,  piaster  of  Paris  specimen  2R, 
containing  a  2-inch-wide  tunnel.  Spalling  can 
arise  when  a  sharp-fronted  transient  compres¬ 
sion  wave  reflects  from  a  free  face,  generating 
a  tension  wave,  which  in  interfering  witl.  the 
remainder  of  the  compression  wave  esU.. 
lishes  a  high  concentration  of  net  tensile 
stress.  Occasionally  when  the  intensity  of 
stress  in  the  '■'■cider.t  v.'ave  is  quit?  high,  sev¬ 
eral  spalls  may  be  formed. 


Fig.  i  -  Spalling.  An  example  in  a  plaster  of 
Paris  specimen.  No.  26,  containing  a  2-inch- 
w*c  'unnel. 


Single  spalls  are  clearly  evident  in  spec¬ 
imens  21  and  22,  Sheet  3;  numbers  17,  18,  26, 
28,  29,  and  30,  Sheet  9;  numbers  43,  40,  44, 

41,  32,  and  42,  Sheet  12;  and  numbeis  46  and 
47,  Shed  IS.  Multiple  spalling  is  evident  in 
numbers  50  and  S3,  Sheet  3;  and  numbers  35, 
37  and  38,  Sheet  IS. 

The  stress  in  the  wave  lessens  as  it 
moves  throigh  the  material  due  to  both  diver¬ 
gence  aiiii  attenuation  so  that  at  some  point  the 
stress  is  no  longer  sufficiuit  to  produce  a 
spall.  Note  from  the  drawings  of  Sheet  3  that 
spalling  occur:  in  tiw  tunnels  burled  2-1/2 
inches,  but  not  in  those  buried  3  inches. 

The  thickness  of  the  spall  is  an  indication 
of  the  sharpness  of  decay  of  the  wave  behind 
its  abruptly  rising  front,  a  thin  qiall  indicating 
very  rapid  decay  and  a  thick  spall,  relatively 
slow  decay.  Usually,  a  wave  lengthens  and  its 
peak  stress  decreases  as  it  travels  througli  a 
malci'iai.  thus  giving  rise  to  thicker  and 
thicker  spalls.  This  effect,  for  some  vnex- 
plalnablc  reason  is  not  discernible  in  the 


specimens,  except  perbap.<i  for  specimens  17 
and  r-  Shset  9. 

The  shape  and  size  of  the  opening  deter¬ 
mines  the  manner  in  which  the  wave  is  re¬ 
flected.  There  will  be  almost  no  coherent 
reflection  from  a  circular  oiiening  so  that 
spalling  will  not  in  general  occur.  The  cor¬ 
rectness  of  this  suppositiui!  is  borne  out  by- 
inspection  of  Sheets  1,  4,  7,  10,  and  13,  no 
spalls  being  present  in  any  of  the  specimens. 
The  wave-interference  pattern  about  the  saw  - 
toatiied  shape  openings  must  be  exceedingly 
complex  and  the  complicated  nature  of  the 
fracture  patterns  around  these  openings  at¬ 
tests  to  this  fact  (^ase  Sheets  2,  5,  8,  11,  and 
14).  The  situation  is  relatively  simple  in  the 
case  of  the  re-  langular  upenings  since  the 
roof  is  plane,  the  only  complication  being  the 
influence  of  the  comers  formed  by  irlersection 
of  the  walls  with  the  roof.  i'.  is  unfoitur.ate 
that  no  fiat  plaiee,  openings  of  infinite  width, 
have  been  tested;  for  it  would  be  interesting 
and  instructive  to  compare  spalling  within 
these  plates  -..lih  spalling  above  the  rectangu¬ 
lar  openings  tested  ncrc.  Such  tests  are  con¬ 
templated  for  the  future.  It  appears  from  an 
examination  of  the  fracture  patterns  that  the 
w-alls  do  Influence  significantly  the  spall  pat¬ 
tern.  Specimens  22,  SO,  and  S3,  Sheet  3, 
spalled  paraffin-salt  models,  having  tunnels 
1  inch,  2  inches,  and  3  inches  wide,  resiiec- 
tively,  and  buried  2-1/2  inches,  illustrate 
these  effects  splendidly.  Substantially  similar 
effects  can  be  seen  in  plaster  ot  Paris- 
cement  specimens  47,  38,  and  35,  Sheet  IS. 

Two  spalls  of  approximately  equal  thicknesses, 
were  produced  in  the  3-incb  wide  and  2-inch 
wide  tiinwie,  the  spalls  being  somewhat  thin¬ 
ner  in  tiie  2-inch  tunnel.  Only  one  spall  de¬ 
veloped  ill  ihe  1-inch-wide  tunnel,  e^e  effects 
evidently  preventing  the  second  spall  from 
forming.  The  second  spall  forms  as  a  result 
of  reflection  ot  the  wave  from  the  freshly 
created  surface  of  the  first  spall.  For  the 
l-inch-wux.  tunnel  the  surface  of  the  first 
spall  is  BO  narrow  that  not  enough  of  the  wave 
is  reflected  to  givr  a  second  spall.  The  thick¬ 
ness  of  the  spall  is  nearly  constant  across  the 
span,  thinning  out  near  the  comers.  This  is 
to  be  expected  irom  the  nature  of  the  wave 
pattern. 

Generally,  the  spall  paU.rm:  arc  'n  ac¬ 
cordance  with  predtcticB. 


Fractures  Ato-nyl  Openings 

In  several  cases  fractures  developed 
which  ran  outward  from  -Jie  tunnel  walls. 
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Such  fractures,  usually  running  out  either 
horizontally  or  vertically^  were  particulrviy 
prevalent  a^-ound  Uie  circular  openings  (sec 
Sheets  7,  10,  and  13),  although  there  are  sev¬ 
eral  runnin  ;  from  the  corners  of  the  rectan¬ 
gular  openings.  The  origin  of  these  fractures 
is  not  fully  understood.  It  seems  probable 
that  they  are  caused  by  tensile  stresses  de¬ 
veloping  during  K-uss  deformation  of  the 
opening.  Consider  a  circular  opening  sub¬ 
jected  to  a  strong  compressive  transient 
shock.  It  will,  during  compressioo,  first 
transform  itself  into  an  ellipse  with  its  major 
axis  parallel  to  the  wave  front  uoi'ing  whicii 
time  tensile  forces  perhaps  strong  enough  to 
sunder  the  material  develop  along  this  axis. 
On  release  of  load  the  material  will  expand, 
overshooting  Its  original  shape  to  form  an 
elliptical  opening  oriented  perpendicular  to 
the  first,  the  horizontal  fractures  forming  at 
thlu  iime.  Somewhat  similar  stresses  will 
develop  around  rectangular  openings. 


Cave  Inz 

When  a  mate-ial  spalls,  considerable 
momentum  can  be  trapped  in  the  spall,  ena¬ 
bling  the  spall  to  break  Itself  away  from  the 
parent  mass,  oiten  with  violence.  At  oilier 
times  the  momentum  is  insufficient  to  dislodge 
n'.alerial,  the  spall  remaining  in  situ,  bounded 
by  a  fracture.  Spalls  were  dislo3gS  in  spec¬ 
imens  21  and  22,  Sheet  3;  numbers  17,  27,  and 
30,  Sheet  9;  at. '  number  40,  Sheet  12;  and  re- 
mauied  h,  place  in  "''merous  other  instances, 
particularly  the  specimens  shown  on  Sheet  15. 

Specimens  46,  47,  37,  and  35,  Sheet  15, 
exhibit  another  interesting  fracture,  a  central 
brval.  ill  ihc  spall.  This  must  come  about  in 
the  (olUnving  way.  because  the  incident  wave 
is  most  intense  at  a  point  directly  below  the 
point  of  appiiv'ution  of  the  explosive  charge, 
the  central  part  of  the  spall  begins  to  move 
with  a  higher  velocity  than  the  edges.  In  addi¬ 
tion  the  edges  are  constrained  and  must  be 
shpii.rcd  from  the  parent  mass  il  the  spall  is 
to  pull  loose.  The  spall  thus  acts  as  a  beam, 
fix^  at  both  ends,  bending  and  breaking  in  the 
middle. 

Tho  most  complex  fracture  patterns  of  all 
nrenrred  with  the  saw-toothed  siispe  openings; 
these  patterns  arc  very  difficult  to  analyze. 

In  general,  the  openings  caved  <n  badly  (see 
Fig.  4),  undoubteoiy  the  combined  result  of 
spalling,  corner  fracturing  (each  saw-tootn 
being  a  good  comer  reflector),  and  for  other 


Fig.  4  -  Cave  ins.  An  in  a  saw- 

*  too‘h  upeninj;  which  had  i  notches,  hlaterial, 
p  ..(ter-eement  (5-1).  Specimen  No.  88, 
Sheet  1 1 . 


reasons.  The  net  effect  (see  Sheet  11  in  par¬ 
ticular),  was  to  produce  an  arched  structure 
above  the  area  where  the  saw-tooths  formerly 
existed.  F^urther  analysis  of  the  fracture  pat¬ 
ters  is  needed. 


CONCLUSIONS 

This  aeries  of  tests  has  provided  an  ex¬ 
cellent  insight  into  the  nature  ol  the  failures 
around  underground  openings  subjected  to  in¬ 
tense  impulsive  loads.  The  nine  specimens  of 
Sheet  3  form  an  almost  complete  panoi  ama  of 
the  several  qualities  of  failure:  radial  frac¬ 
tures,  sbigle  spall  formation,  multiple  spall¬ 
ing,  plugging  by  shear,  no  fracturing  at  all. 

The  tests  carried  on  in  this  experiment 
were  entirely  preliminary  with  the  intention 
of  covering  as  broad  a  field  as  possible  in  the 
allied  time,  ft  would  be  very  desirable  to 
run  further  tests  with  several  models  ol  the 
same  material.  tunn'.il  ihape,  and  depth  with 
a  vlv'.v  to  gathering  quantitative  da,a  u-.  spaii 
thickness,  crater  depth,  crater  arc"  ?  .  1  re¬ 
lating  this  data  to  such  variables  as  <1.  .<th  of 
opening,  area  of  opening,  physics)  ■'.i'-.  c.rties 
of  the  nuUerial,  and  shape  of  opecang. 
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APPENDIX 


Drawicgii  of  the  Results  of  the  Model  Experiments 


For  the  post-mortem  examini*-'-Mi,  the 
models  were  sectioned  and.  after  measure¬ 
ments  of  the  crater  aiiO  fractured  areas  had 
been  completed,  drawings  were  made  and 


ai  ranged  six  or  nine  to  a  sheet.  Sheets  1 
through  15  are  reproduced  here.  For  ease 
of  reference,  two  lists,  A  and  B,  are  also 
given  to  aseist  in  the  location  of  specimens. 


LIST  A 

List  Showing  on  Which  Sheet  Specimen  Numberr  are  Located 
Sheet  Specimen  Numocr 

1  113,  114,  115,  119,  120.  121 

2  122,  123,  U.,  125,  12C.  127,  128.  129,  130 

3  12,  22,  23,  49,  50,  51,  52,  53,  54 

4  13,  132,  133,  134,  135,  136 

5  137,  138,  1?9,  140,  141,  142,  143,  144,  145 

6  61,  62,  63,  64,  65,  66.  67,  68,  69 

7  55,  56,  57,  58,  59,  60 

8  74,  75,  76,  77,  78,  79,  80,  81,  82 

9  17,  18.  19,  25,  26,  27,  28,  29,  30 

10  92,  93.  94.  95,  96,  97 

11  83,  84  ,  85,  86,  87,  88,  89,  90,  91 

12  31,  32,  33,  40,  41,  42,  44,  45 

13  71,  72.  73,  110,  11.  112 

14  98,  99.  100,  101,  102,  103,  104,  105,  106 

15  34,  35,  36.  37,  36,  39  ,  46,  47,  48 
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List  Showing  Specimen  Nuiubers  and  the  Sheets  on  Which  They  are  Located 
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DISCUSSION 


ChaszeyltA,  Armour  R« March  Foun- 
datioofYou  descrSU  »  pre«Mr«  wave  as 
triangular  and  you  aaid  that  in  Rainier  it  was 
something  like  that  except  the  (root  was 
sloped.  Would  you  care  to  define  that  more 
precisely? 

Dr.  Riiiehart:  I  don't  happen  to  have  it 
-Jfh  me,Fut  tlw  Rainier  Shot  is  well  docu¬ 
mented  and  you  will  find  it,  I  think,  in  some 
f  t  UCKi,  Kipnrts. 

Mr  .  Chasseyka:  Would  you  say  it  was 
more  like  a  trapezoid  approaching  a  square 
wave? 

Picebart:  No.  I  would  jay  that  it 
was  like  a  triangle  with  a  sloping  Uftrt.  As 
I  remember  it,  it  was  almost  z  right  triangle 
with  the  hypotenuse  lying  along  «!■«  axis. 

Mr.  Cliasaeyka:  It  was  not  an  infinitely 
'that  p  rise  time  ? 

Dr.  Rinehart:  No. 


Mr.  Chaszejdia:  Well,  I  believe  it's  more 
like  a  trapezoid  approaching  a  square  wave 
with  a  slow  drop  off.  It  has  a  slow  riS't  time. 
It's  not  an  infinitely  steep  rise  time  as  you 
would  have  in  a  gas,  but  the  fall  off  in  pres¬ 
sure  is  not  quite  as  ra))id  as  you  would  indi¬ 
cate  with  a  triangle. 

Dr.  Newmark ,  Chairman,  Univ.  of  nilnois: 
TNs  would  not  cause  ^alls  to  occur  quite  as 
readily  as  you  were  inferring. 

Dr.  Rinehart:  If  one  takes  the  Rainier 
blast  and  figures  out  where  it's  st^alled,  what 
occurred,  the  rock  in  which  it  occurred  and 
the  bi.-'.st  that  was  set  off,  you  will  find  the 
spall  Miould  be  about  229  feet  thick.  This  is 
roughly  wh.d  it  should  oe  and  there  w-re  lay¬ 
ers  Which  apparently  separated.  They  were 
about  that  thics.  Whether  tld:^  is  %ial.ii.g  or 
not  I  don't  know. 

Mr.  Ch't'zeyka:  Wei'  the  reason  iiujse 
layers  sepa.vted  is  because  they  dropped 
down.  The  soil  was  loose  enough,  it  was 
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crushed  out  to  about  that  radius  and  it  fell 
dc%n.  But  as  'or  as  the  radial  spalling  is 
concerned  tliat  went  out  to  about  400  feet. 

The  damage  as  lound  in  the  tunnel  was  to 
^lout  400  feet,  where  the  rails  were  actually 
displaced. 

Dr.  Rinehart:  I  think  the  primary  point 
I  want  to  make  here  is  that  when  waves  have 
an  opportunity  to  reflect  they  can  impart  ?- 
striictive  motions  to  various  things.  1  thinic 
this  is  the  main  point. 

Mr.  Chaszeyka:  Ifour  point  is  well  taken. 

I  was  ]u8t  questioning  the  type  of  wave. 

Dr.  Rlnetuu!;  In  most  structures  in 
which  you  will  be  finding  yourselves,  the  ma¬ 
terial  is  not  strong;  it  may  well  be  soil  which 
has  no  tensile  strength  at  all.  It  may  be 
heavily  faulted  and  fractured  ground,  etc.,  so 
that  In  general  you  will  not  have  to  fracture 
the  materiil.  The  material  will  already  be 
fractured.  All  you  do  is  to  throw  it  off  and  1 
think  this  is  the  most  important  point  I  wan 
to  make.  There  is  a  mechanism  whereby  you 
can  throw  ttus  material  off  with  a  lot  of  veloc¬ 
ity  and  if  there  is  nothing  to  impede  its  motion 
it  will  keep  going. 

Mr.  Saffian,  Plcatlnny  Arsenal:  Maybe  I 
.-nir.se?lhis  polrt,  but  in  setting  up  this  model 
experiment,  I  assume  the  idea  was  to  be  in  a 
por'tlnn  to  predict  what  would  happen  in  a 
Iarg=.'  scoie  operatiun  of  some  sort.  In  setting 
this  up,  especially  with  eiq;>ioMve  charges  of 
this  size,  has  any  conside ration  been  given  or 
will  it  be  given  to  the  shape,  the  gr:ometry  of 
the  charge,  and  the  possible  devlatiaa  of  this 
charge  from  the  axis  of  the  cavity  in  the  rock? 

Dr.  Rinehart:  Yes,  Consideration  has 
been  given  to  the  shape  of  the  charge  but  our 
decision  was  simply  that  we  touk  a  nice  cylin¬ 
drical  charge.  Now  if  one  took  a  charge  of  a 
different  size  you  would  find  the  effect  to  be 
•omewhaf  dtuereid  in  ma^iitude,  but  I  think 
not  hi  principle.  Now  ss  to  putting  charges 
off  center  and  thnt  sort  of  thing,  this  in  cer- 
tnlaly  the  dtreetlon  in  which  model  studies 
should  bs  sztewdert.  These  were  very  prellm- 
tennr  and  ezploratnry  studies  sad  thsis  me  a 
wteM  hent  ct  other  model  studies  which  1 
think  wooM  yield  eatreniely  fruitful  inforua- 
tion. 

(At  thin  potal  noHM  vt  the  diacuasion  was  lost 

while  dnacteg  tapes.) 


Dr.  Mlklo./ltz,  NESCO:  I’d  like  to  ask 
Dr.  Riuehait  whether  or  net  he  haa  considered 
taking  «me  motion  pictures  of  this  fracture 
phenomenon  around  the  hold  ?  Jt  seems  to  me 
you  haveaacKcellent  chance  hereto  say  some- 
thing  about  the  wave  action  ebetd  tbs  nole. 

For  instance,  in  one  case  that  youphowed 
which  had  a  vertical  crack  above  the  hole  and 
a  vertical  crack  below  the  hole,  at  180*  oppo¬ 
site  the  Initial  one,  assuming  the  earlier  pic¬ 
ture  showed  the  first  crack  and  the  later  pic¬ 
ture  showed  the  second  one,  you  would  conclude, 
oi  course,  that  the  second  crack  occurred 
later;  ft  aeems  to  me  that  the  unloading  waves, 
very  typical  of  the  kind  of  thing  you  talk  about 
in  scabbbag,  could  be  creating  the  second 
crack.  In  other  words,  wiloadtng  waves  from 
the  upper  crack  propagate  around  circumfer¬ 
entially,  sigimlmpose  at  the  lower  end,  and 
cause  enough  tension  to  create  the  second 
crack.  1  think  there's  a  little  Mgiport  in  this 
from  the  fact  that  you  also  t>;a>w^  one  whtch 
had  again  a  8e<:«<dary  process  of  a  similar 
nature  with  two  boruudal  craJu. 

Dr.  Rla.  'i.'»jft.  Yes.  I'm  very  curious  as 
to  where  these  car’s  from  and  I  think  about 
the  only  way  to  get  at  it  is  to  do  just  exactly 
what  you  suggest— to  take  pictures.  And,  for- 
tuiulely,  these  occur  in  exactly  the  same  way 
ill  holes  in  lucite  qieclmens  which  are  treats 
this  way.  So  that  one  could.  I'm  sure,  take 
pictures  ot  these  without  very  much  trcuble. 

I  think  it’s  probably  a  two-stage  process,  a 
squeezing  this  way  and  an  expansion  this  way. 

I  think  this  is  probably  what  happens. 

itr.  Stem,  General  Electric  Co.:  Let  me 
suggest,  if  you  want  to  take  pictures  you  can 
use  photostress.  I  know  it  hiu)  been  used  ex¬ 
perimentally  on  window  panea  to  show  the 
stress  diatrfliuUon  as  a  bullet  goes  th  ough  a 
pane  to  get  some  sort  of  a  picture  of  what 
happens  when  a  bullet  penetrates  a  steel  plate. 
If  you  naie  this  on  a  concrete  model  and  you 
were  to  take  color  high-speed  pictures  you’d 
actually  see  the  stress  pattern  running  througit 
it.  bi  fact,  with  luette,  if  you  had  Polaroid 
light  you  caa  do  this. 

Dr.  Mates,  Ueneral  Electric  Co.:  One 
additional  coininent~aEbut  the  photostress. 

Yuu  don't  havr  to  have  a  lucite  model  because 
what  you  use  is  a  back  reOection  technique. 

Dr.  Rinehart;  Yee  )•«  »  of  fact 

we  have  la  our  own  laboratory  now  a  reflec¬ 
tive  pfaotoatress  meter,  l  .'.ave  a  student  who 
is  working  ou  this  very  .on.  ’  ,m,  but  he's  not 
very  far  aloiig  yet. 
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DESIGN  BELOW  GROUND  ARCH  AND  DOME  TYPE 


STRUCTURES  EXPOSED  'O  NUCLEAR  BLAST* 


E.  B.  Laina  and  £.  Cohen 
Aininann  and  \*hi.tiiey.  New  YorV  City 


Some  of  the  protdema  encountered  in  the  design  of  hardened  shallow- 
buried  and  earth-mounded  arch  and  dome  type  structures  arc  uiscussed. 
Design  equations  for  determining  idealised  loadings,  frequencies,  re¬ 
sponse  values,  and  stresses  are  oroposed.  Effects  of  change  of  arch 
curvature,  nonrigid  subgrade,  arci  ing,  and  comnatibility  of  edge  riis- 
placenients  are  discussed. 


BLAST  LOADS 
G«‘ometry 

Figure  1  illustrates  the  assumed  geometry  of  an  ideal  air  Induced  ground  shock  at  a  typical 
nreh  type  sti-uoture.  This  ground  shock  Otay  he  eitlscs  superseismic  or  outrunning  depending  on 
the  pressuie  ievei  and  seismic  conditions  {1,2). 


Bulled  Arches 

A  complete  anaiyms  of  an  underground  etnicture  Involves  the  diffraction  of  the  shock  wave 
around  the  reinforced  cavity  and  the  responae  of  the  structure  shell  as  an  elasto-plafftic  liner, 
iiuch  a  solution  considering  all  the  Important  parameters,  which  is  applicable  to  design,  Is  not  yet 
available.  In  the  interim  a  slmpUIied  reaton^ly  safe  approach  Is  needed.  In  this  paper  it  has 
been  assumed  that  the  (Uffrsctinn  effects  in  the  soil  around  the  stnich^re  may  be  neglected.  This 
is  consistent  with  most  of  the  peak  pressure  data  recorded  on  burled  test  structures  [3-8].  The 
distribution  of  the  applied  blast  pressure  on  a  burled  arch  during  the  transverse  transit  of  ttie 
whnek  front  is  shown  in  Fig.  2,  in  which  the  applied  loads  consist  of  nonuniform  radial  and  tangen* 
iial  forces.  For  design  purposes  this  loading  is  replaced  with  a  combination  of  idealized  modal 
loads.  Figure  3  shows  the  typical  pressure-time  curves  for  each  of  the  modal  loadings  considered, 
i.e.,  compression,  reflection,  a-od  l.endlng-compression.  Figure  4  iUuatrates  the  shape  and  mag¬ 
nitude  of  these  loads.  For  tlw  compression  mode  the  vertical  reaction  at  the  springing  line  is  taken 
equal  to  the  average  surface  pressure  applied  over  half  the  span  and  is  baaed  on  the  assumption 
that  the  full  ratUal  and  tangential  forces  are  traosuiiited  through  the  arch.  The  extent  of  the 
bending-compression  mode  loadii  have  been  chosen  to  ;cake  the  vertical  reaelions  in  this  mode 
zero.  These  recommendations  include  an  allowance  for  redistribution  of  the  applied  loads  as  a 
result  of  the  mobilization  of  ptASive  pressure  but  do  not  include  arching  e.rects  (which  may  be 
negative  or  positive),  or  the  ef'ects  due  to  vertical  acceUration  of  the  supporte.  P,  anj  i ,  in 
these  figures  represent  the  avftrage  blast  pressures  on  the  windward  and  leewaid  suri'ac'  .'of  the 
arch,  respectively,  and  are  estimated  by  passing  the  inclined  ground-shock  from  across  >  '-e  arch 
and  co.cputing  the  pressures  on  a  hydrostatic  basis.  It  is  further  assumed  that  the  dopi'  atenua- 
ticn  factor  (k,  shown  in  Fig.  1)  is  unity,  i.e.,  there  is  no  attenuation  of  prrr.-ntre  with  deptt  'or 


VThis  paper  ie  based  in  large  measure  on  studies  made  by  Ammann  and  Whitney  for  the  Office  ot 
the  Chief  of  Engineers,  Departmi-nt  ci  the  Army,  under  Contract  DA-49- 12V- ENO-464. 
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I.OADINS 


Fig.  Z  -  Distribution  o{  blast  pressures  on  buried  arrh 
during  transverse  travel  of  shock  front 


stuUlow'burled  structure*.  This  in  combination  with  a  zero  rise  time  assumption,  is  admittedly  a 
somewhat  c.mservative  approach  and  may  be  modified  when  and  if  these  factors  become  better 
established.  The  magnitude  of  the  peak  modal  pressures  shown  in  Fig.  A  are  obtained  uMng  the 
foUowii'.g  assumptions: 

(1)  \  semicircular  arch  with  an  average  Jt-nUi  of  cover  et^ual  to  one>half  the  radius  is  con- 
^dered  as  fully  buried  and  will  be  subjected  to  full  compression  mode  only.  Fully  burled  implies 
that  sufficient  passive  prceeure  can  be  mobilized  to  p.'svent  ezcesslve  flezur'i  mnfinn  [h,10]. 

(2)  A  semictrcular  arch  with  the  crown  level  with  the  earth's  surface  will  sut^ected  to  full 
compression  mode  plus  full  deflection  mode.  The  modal  loads  for  semicircul.iv  .  '"..ea  with  inter¬ 
mediate  depth  ot  burial  are  obtained  by  Interpolation  based  on  ttie  i«erage  densb.'  of  cover.  These 
recommendations  defii.i'*;  complete  burial  for  semicirc’lar  archeu  '■re  in  accotda:>.:e  with  Ref.  11. 

(3)  A  30-dcgree  (Interior  angle)  .j’ch  is  considered  fully  burled  if  it  has  an  average  depth  of 
cover  equal  to  its  radius  and  wiU  be  subjected  to  a  full  compression  mode  plus  a  full  bending 


(M  OffLCCTIOM  MODE 


riff.  3 


Time  variation  of  mod^l  loadings 
for  buried  ;rches 


comprcsaion  mode.  The  bending  comprcesion  mode  in  this  case  has  a  peak  pressure  equal 
(o  15  percent  of  the  peak  compresninn  mode  pressure. 

(4J  A  60-degree  arch  with  the  crown  level  with  the  earth's  surface  will  be  subjected  to  the 
fi  11  values  of  all  thiee  uioucs.  For  Intermediate  burial,  modal  loads  are  again  determined  by 
iiiterpulalion.  The  beixling  compression  mode  recommendations  given  for  this  case  will  result  in 
utTiling  moments  comparable  in  magnitude  to  those  obtained  if  tlie  compression  mode  pressures 
were  applied  vertically  rather  than  radially. 

{Z)  For  arches  having  Interior  angles  between  the  60  and  180  degree  limits,  a  double  inter¬ 
polation  is  used  to  obtain  the  modad  loads. 


Buried  Domes 

The  blast  pressures  on  buried  domes  are  taken  slm'lar  to  those  on  burled  arches,  rr  r.sivc 
pressure  will  be  mobilized  essentially  only  for  the  antisymmetric  loading,  and  to  a  lesser  extent 
than  for  arches,  thus  resulting  ir.  less  pressure  redistribution  than  obtained  with  the  mor-  flexible 
arch  type  stnjctures.  Since  most  of  the  Ictdbig  Ir.  domes  is  carried  by  membrane  acti'  n.  :  s 
inc'.ucicr.  of  a  bending  compression  type  load  is  unimportant,  and  therefore  only  the  c^-.mp.  c  tsion 
and  dellectioi.  modes  are  consUlcx  cd.  These  idealist  loadings  'or  the  dome  -  are  obtained  m  a 
similar  manner  as  for  the  arches. 
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(o)  COMPRESSION  MODE 


(b)  DEFLECTION  MODE 


P*,  •  225(!-  *-)P, 

(c)  BENOINO  COMPRESSION  MODE 

I*  ig.  4  •  Idealized  modai  loadings  for  buried  a*,  'he* 
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B’ast  Pressures  on  Mounded  &ir(acjs 


figure  5  shows  the  geometry  ui  a  typical  earth  mounded  arch  pe  struciure.  The  detorm-iu- 
tion  of  the  design  '"adings  on  a  structure  of  this  type  has  the  same  uiu  ertajiities  as  for  tiie  buried 
type  plus  tne  problem  of  determining  the  time  variation  of  the  pressure  on  the  mounded  surface. 
The  method  currently  employed  in  the  Corps  of  Engineers  design  manual  (Ref.  12-EM-413)  for 
obtaining  the  pressures  on  the  earth  mound  consists  of  two  parts,  (1)  the  determination  of  the 
retiecied  pressuies  on  the  windward  slope  and  (2)  the  dote:  .eination  of  the  urag  pressures  over 
the  entire  mound.  These  are  combined  as  described  in  Ref.  12  (EM  413).  The  reflections  on  the 
windward  slope  can  be  estimated  with  leasonal  Ic  •  ''•r.r^cy  •  sing  the  avail  ".b!e  refiertion  coeffi¬ 
cients  for  inclined  surfaces.  The-  effects  of  tliis  reiiect.o.  .in  the  horizontal  and  leeward  slopes, 
however,  is  e.jl  well  defined  and  may  justil-  -rome  aadilionai  study.  The  drag  pressures  are 
obtained  in  the  manual  by  use  of  an  "equivalent  circle  concept"  in  which  the  mounded  surface  is 
replaced  with  a  circuiai  arc  tor  which  empirical  drag  coefficients  are  i-ccommeiided.  These  cooi- 
ficients,  however,  are  based  upon  steady-state  (low  around  a  complete  cylinder  and  may  be  sig¬ 
nificantly  different  for  a  segment  of  a  cylinder  set  directly  on  a  ground  plane. 

A  second  approach,  "‘.ransonic  wedge,"  to  determining  the  enveloped  p*'ase  drag  pressures 
has  been  made  recently  [13]  utilizing  a  combination  of  theoretical  and  empirical  results  for 
steady-state  transonic  'low  ever  double  wedges.  The  general  features  of  the  flow  depend  on  the 
Mach  number  of  the  given  conditions  behind  the  original  shock  wave.  Wnen  ail  parts  of  a  flow  have 
a  Mach  number  less  than  one,  the  flow  is  called  subsonic.  If  the  Mach  number  is  cvorywiu-re 
greater  than  one,  the  flow  is  called  supersonic.  If  the  Mach  number  ‘s  le.ss  ihan  one  in  some 
pla>'c  and  greater  than  one  in  other  parts  of  tlie  same  flow,  it  is  culled  transonic.  Most  initial 
flows  a..d  geometries  currently  being  used  in  the  desi -n  of  earth  mounded  structures  fall  in  the 
transonic  range  for  which  both  experiments  and  theory  are  relatively  scaice  and  complex. 

In  the  subsonic  case  the  usual  concept  of  pressure  coefficients,  Cp,  to  be  multiplied  by  the 
dynamic  pressure,  1  2  rV^,  are  applicable.  Coefficients  given  for  ira^ompressihle  flow  may  be 
used  with  less  ihr.n  1  -percent  error  for  Mach  numbej,  ii,  from  zero  to  0.1.  This  covers  the 
range  Inteiaied  for  most  wind  load  coefficients.  From  Mach  numbers  0.1  to  0.5  the  incompres¬ 
sible  pressure  coefficients  may  be  used  if  iirst  multiplied  by 

1 

Vi  - 

(Prandtl-Glauert  rule,  see  Ref.  14.)  For  targe  Mach  numbers,  more  elaborate  methods  must  be 
used. 

In  the  supersonic  esse  the  flow  pattern  is  illustrated  in  Fig.  6(a).  On  hitting  the  corner  at  A, 
the  flew  forms  a  shock  wave  which  turns  the  oncoming  flow  abruptly,  so  it  ip  parallel  to  AB.  This 


fncal  v-carlb  mounded  arch  type  structure 


Fig.  5  -  Geometry 


(b)  Transonic  Flow  (K^*  1) 


(r)  ircnaonle  Flaw 
Fig.  it  -  Sie<i:l> -state  flow  over  wedgco 
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causes  a  pressure  rise.  At  B,  the  flow  t^ues  thru  a  Prantltl-Me;'er  expansion  Ian  which  ’H'uin  turns 
the  {low,  tliis  time  with  a  pressure  icdueiion.  At  C  there  is  anoth  cr.pansion  fan  aixl  then  a 
compression  shock  wave  at  D  returning  the  flow  to  its  original  direction.  The  changes  of  pressure 
at  each  shock  and  expansion  can  be  conveniently  figured,  Tiie  pressure  is  relatively  uniform  on 
each  of  the  faces  ab,  bc  and  CO,  being  of  course  greatest  on  ab.  The  shock  at  A  is  called  an 
attached  shock  wave  because  It  starts  right  at|  A.  As  the  Mach  number  decreases  toward  one, 
there  will  be  a  certain  Mach  number  (Fig.  7)  at  which  the  aititched  sluxik  will  no  longer  be  possible 
for  the  given  angle  Below  this  Mach  number  the  shock  wave  is  detached  as  :ihnv-ri  in  Pig.  6(b) 
and  the  flow  will  ’  ?  in  the  transonic  range. 

In  the  trin^onlc  flow  shown  In  Fig.  6(1.1.  the  flow  is  supersonic  throughout  except  for  the 
embedded  subsonic  region  efbae.  The  initbJ  flow  is  assumed  supersonic,  i.e.,  M,,  >  1  [15].  na 
the  Initial  Mach  numbe;  decreases  to  i,  tho  detached  shock  forms  further  ahead  of  point  A.  When 
the  Mach  nuuibei  tails  below  1,  tlie  typical  situation  in  the  transonic  range  is  as  shown  in  Fig.  6(c) 
with  one  supersonic  region  embedded  in  the  subsonic  flow.  TIte  conditions  shown  apply  to  Mach 
numbers  not  too  close  to  one.  As  the  Mach  number  Increases  and  approaches  une,  the  .supersonic 
region  grows,  finally  covering  the  meund  from  B  to  D.  In  this  condition  there  would  be  a  shock 
wave  starting  from  o  as  in  Fig.  6(b). 

The  flows  show  1  in  Figs.  6(b)  and  6(c)  have  certain  features  of  interest  in  common.  In  >x>th 
cases  the  pressure  at  A  is  equal  to  the  stagnation  pressure  of  the  suiisoni.-  flow  upstrean.  of  A. 

At  B  the  local  Mach  number  is  always  unity  at  (he  start  of  the  expansion  fan.  Tliese  facts  have 
been  “stabUshed  experimentally  and  theoretically  [16]. 

Further,  it  has  been  shown  that  the  pressuie  dlrirlbutiun  on  the  face  ..j  is  the  same  for  a  wide 
range  of  transonic  flows,  (or  a  given  angle  <'■,  when  ihe  pressure  is  express'  d  ‘i.  terms  of  the  stag¬ 
nation  pressure  rather  than  a  pressure  coefficient  [17].  These  (acts  are  the  basis  (or  the  following 
methods  used  in  computing  the  pressure  distribution  for  the  transonic  cases  at  hand. 

In  the  c.isc  wher.  the  Initial  flow  is  supersonic  the  first  computation  is  to  find  the  stagnation 
pressure  in  ihc  subsonic  region.  This  may  be  cnnvcnlenlly  done  using  Figs.  6  and  B.  This  stagna¬ 
tion  pressure  at  point  A  (Fig.  6(b)),  is  obtained  by  first  determining  the  supersonic  downstream 
pressure  corresponding  to  the  frec-stream  Mach  number,  :  n, ,  from  Fig.  R  (using  y  «  1.4), 
then  using  F  .  3  to  determine  the  pressure  at  A.  For  points  between  A  and  b,  ttere  is  theory, 
ait.d  experiments  are  available,  giving  the  ratio  of  the  pressure  at  any  point  x  (Fig.  10)  to  the  stag¬ 
nation  pressure  which  occurs  at  A.  For  an  angle  o(  26.6  degrees  (2:1  slope)  these  ratios  are 
summarized  in  Table  1. 

It  will  be  noted  that  the  experiments  and  theory  in  most  of  the  references  deal  with  wedges  as 
shown  in  Fig.  11.  The  structures  considered  herein  are  effectively  nne-hall  of  the  wedges  tested. 

The  test  results  and  theory  available  are  concerned  primarily  with  the  face  AB  whici  is  the 
most  heavilv  loaded  rvginn  and  the  data  given  in  Table  1  is  applicable.  Unfortunately,  equally 
precise  data  is  not  available  (or  the  (aces  BC  and  CD.  On  the  basis  of  examination  of  test  results 
and  of  the  underlying  theory  liw  following  procedure  is  tentatively  suggested. 


Fig.  7  ~  Maximum  deilectioi;  ».agk-  for*  hich 
the  shock  wave  will  remui*’  sUachr  '  [18] 
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Fig.  8  -  RAtio  of  supersonic  slcignation  presfute  to 
free  stream  pre  ..arc  vs.  aUch  number 


Fig.  10  -  OefimtioD  of  s  and  r 


Ffg.  11  -  Typical  wedge  profile 


Fig.  9  •  Stagnation  pressure  ratio  across 
a  normal  plane  shock  (psia) 


The  preuure  at  a,  on  the  bc  side  of 
the  comer  may  be  computed  by  aasui  .itn^ 
there  Is  a  Prandtl>hieyer  ekpansi>n:  fan 
starting  from  Mach  number  one  cn  Jie 
dovnsti-i'am  side  of  the  corner  as  ;>i3  net 
effect  on  <>n  overexpansion  ar.d  coinpensat- 
ing  compression  at  the  -r'mni .  This  pres¬ 
sure  may  be  obtained  by  determining  the  Mach  lumber,  U],  on  the  ac  side  of  the  corner  corre- 
spuntling  to  the  deflectl''>ii  angle  0  from  Fig.  12  and  then  entering  Fig.  3  'vith  Uiiu  >  :ilue  to  obtain 
the  pressure,  P.  Depending  on  the  length  of  the  top  surface  fac)  the  flow  may  nr  '  .y  not  lie 
icturned  to  the  pressure  of  the  original  supersonic  flow  upstream  of  Z  liefore  the  nrner  c  in 
reacred.  In  the  absence  of  sufficient  data  a  linear  dlstri'utlon  of  pr.  ''i^re  betwreii  d  and  this 
point  is  assumed. 

The  pressure  on  the  downstream  side  of  c  may  be  estimated  by  assuming  a  Prandtl-Meyer 
expaiislon  f^ui  etartini;  frot.!  the  free-atream  Mach  number.  Along  the  face  CD,  it  Is  suggested  that 
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Pressure  at 
Pressure  at 


TABLE  1 

X.  P 

7 -  (cr  P  =  26.6° 

A.  p. 
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f  (Fig.  10) 

P 

P. 

0 

1 

0.1 

0.875 

3.2 

0.840 

0.3 

0.822 

0.4 

0.733 

0.5 

v3.772 

0.6 

0.743 

0.7 

0.723 

0.8 

0.687 

3.9 

0.655 

1.0 

0.52 

the  pressure  be  as.sume<.^  uniform.  The  pressure  on  CD 
may  be  obtained  from  Fi^  j.  12  and  13  a.n  follows: 

(1)  enter  Fig.  12  with  free- stream  Mach  number  to 
obtain  the  Prandtl-Meyer  angle,  ,,  (angle  through  which 
a  supersonic  s.ream  is  turned  to  expand  from  M  =  1  to 
tl  >  1,  (2)  add  4  to  the  deflection  angle  (2U.6°  for  our 
case)  to  obtain  the  Mach  number  on  CD  using  Fig.  12, 

(3)  using  this  Mach  number  enter  Fig.  13  to  obtain  the 
ratio  re  '  is  the  static  pressure  on  face  CD 

and  P,  is' the  tot.^(  pressure  downstream  of  C.  Since 
tiicre  are  only  isentropic  processes  between  A  and  d, 

P ,  is  the  same  as  at  A,  therefore,  com^mte  r  from  the 
ratio  P/P, . 

In  the  case  v  .lere  the  initial  How  is  subsonic,  the 
pressure  at  A  is  the  stagriation  pressure  and  is  obtained 
from  Fig.  8  by  entering  the  figure  with  the  free-stream 
Mach  number  to  oblaln  tne  pressure  ratio.  The  coeffi¬ 
cients  given  in  Table  1  apply  for  the  region  AC,  ''sing 
the  aisgiiation  pressure  for  the  angle  e  =  26.6°. 


The  pressure  on  the  downstream  side  of  3  is  computed  assuming  an  expansion  fan  from  Mach 
number  one  and  may  ue  obtained  from  Figs.  8  and  12  for  w  =  26.6°  as  for  the  superccnic  initial 
flow  casi  , 


The  downstream  pressure  ai  c  is  estimated  according  to  there  being  a  s.-'p.i>*.ition  of  the  sub¬ 
sonic  flow  at  the  comer  and  with  the  help  of  experimental  data  [19].  Simple  inviscld  theory  would 
indicate  that  the  flow  expands  to  zero  pressure  at  the  comer  and  ttereafter  resumes  free-stream 
veloc  ity.  Howevei ,  since  for  these  Mach  numbers  of  approach  to  an  edge  of  such  a  large  angle  as 
that  at  c,  the  flow  separ.ites,  viscous  effects  cannot  be  ignored  (19].  The  pertinent  data  in  Ref.  19 
(page  28  for  station  12,  16)  applies  to  a  30°  flap  deflection  at  an  angle  o(  attack  of  the  flap  of  9°. 

It  would  te  oesirabie  to  have  data  for  a  leading  edge  flap  deflection  of  26,6"  at  an  angle  of  attack 
of  the  flap  of  0°  but  the  above  data  is  the  closest  we  have  seen  at  this  time.  The  pressure  coeffi¬ 
cient,  P  =  (p  •  ’  .  </q  indicated  by  the  sbove  test  data  is  between  -0.6  and  -0.7,  when  p  »  the  static 
pressure  (psia),  p,  -  free-stream  pressure  (psia)  and  q  «  the  dynamic  pressure.  From  another 
standpoint,  if  we  can  apply  data  from  a  wedge  to  represent  flow  on  a  half  wedge  following  a  straight 
section,  as  we  did  on  the  forward  face  AB,  then  we  can  apply  data  from  a  sharp  edged  plate  at  an 
angle  of  attack  of  26.6°,  with  about  the  same  validity.  Tto  data  on  pages  18  and  19  (zero  fla" 
deflection)  of  Ref.  19  shows  that  the  flow  is  separated  and  P  is  constant  over  the  entire  chord  for 
a  >  13°,  so  it  surely  is  also  for  a  a  26.6°.  The  value  oi  P  is  about  -0.6,  and  this  Is  used  in  this 
case. 


F>y  12  ■  aagl)  required  to  expand 

f.'j  «  given  number 


Ratio  of  (tatic  prcaaurc.  p,  to  total  preaaure,  p,  vs.  Mach  number,  H  [15] 


Figures  14  anu  15  shew  a  comparisoi.  of  the  total  pressures  obt^.inej  using  the  'transonic 
wedge"  and  "equivalent  circle"  procedures  for  steady-state  (lows  c  20r  and  25  psig  and  ideal 
dynamic,  a,  pressures.  The  compansou  of  these  methods,  and  the  obvious  shortcomings  of  both, 
indie  ite  that  it  would  be  worthwhile  to  obtain  additional  shock  tube  ;4nd  wind  tunnel  test  data  on 
wedg‘s,  arcs,  and  spherical  segments  (including  data  on  dust  laden  flows)  in  order  to  better 
establish  tne  drag  effects  on  mounded  surfaces. 


Eoi'th  Mounded  Arches 

Since  the  w  ;Uge  approach  has  not  beer,  developed  further,  the  equivalent  circle  procedure  has 
Iteen  retained  tor  the  present  in  Ref.  12  (EM  '113)  to  estimate  the  pressures  on  mounded  surtnees. 
Tiie  modal  loadings  ar.-  similar  in  shape  to  tlaise  of  the  buried  arches.  The  average  pressures  on 
the  arch  surface  are  obtained  bv  computing  tiie  average  windward  and  leeward  pressures  on  the 
equivalent  cire'e  within  the  angle  obtained  by  passing  the  radii  through  the  arch  springing  lines 
and  using  these  values  to  compute  the  compression  and  deiiection  mode  loadin.„.>.  The  bending 
compression  mode  is  computed  as  a  function  of  the  average  arch  central  angle  similar  to  the  below 
ground  arches.  The  main  differences  between  the  loads  on  mounded  arches  as  compared  to  burled 
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EOUIVALCMT  CIRCLE  MET!  OD 

Fig.  14  -  Comparicori  of  wedge  method  with  equivalent 
circle  method  (preeeure  =  200  peig) 
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EUUIVALENT  CIRCLE  METHOD 


Fig.  tS  •  Comparison  of  wedge  method  with  equivalent 
circle  method  fpressure  =  ij  psig) 


arches  (aside  (roin  the  reflection  effects)  is  (1)  the  deflection  mode  loading  f vr  the  mounded  arch, 
due  to  the  dynamic  pressures,  may  last  several  times  longer  Lian  in  the  case  of  the  buried  struc¬ 
ture  and  12)  the  available  passive  pressure  for  the  mounded  case  may  be  'lonsiderably  less  than 
for  the  buried  case.  The  Jeflectinn  mode  pressures  are  used  without  reduction  if  the  arch  crown 
is  at  the  surface  level  or  if  the  top  corner  of  the  slops  is  located  directly  above  the  sprlnglnR  line 
(or  clo.ser  to  the  arch  centerline).  If  the  average  rover  of  the  arch  meets  the  full  burial  require¬ 
ments  nesc 'ibert  for  the  below  ground  arches  a.:d  If  the  top  of  the  slope  Is  located  far  enough  away 
from  the  springing  line  to  prevent  transmission  vf  the  reflected  and  ^ag  precaures  on  the  wind¬ 
ward  and  leeward  slopes  ':..isun:iinK  pressures  transi.atteu  normal  to  slope)  'O  the  arrh  structure, 
uie  deflection  mode  may  be  neglected.  For  intermediate  cases  the  deflection  moiie  vedur'.iun  may 
he  estimated  by  doubio  Interpolation. 


Earth  Mounded  Domes 

The  equivalent  circle  procedure  nas  teen  retained  tentatively  in  the  Corps  ot  Engineers  manual 
(Kef.  13  -  EM  413)  to  obtain  pressures  on  mounded  surfactis  over  domes.  The  modal  loadings  are 
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^  similar  to  mounded  arch  structures  with  i.ie  exception  that  the  bending  compression  mode  is 
omitted. 


RESPONSE  or  ARCHES  AND  DOMES 

The  dynamic  response  of  arches  and  domes  depend  upoi  the  natural  period  of  the  member, 
the  load  shape  and  the  extern  of  deformation  permitted. 


Natural  Perio.I 

The  proposed  equai.^ns  foi'  the  natural  period  of  earth  covered  arches  and  domes  for  the 
various  modal  loads  discussed  in  this  paper  are  as  follows: 


ARCHES 

Compression  Mode 
Hinged  Ends: 


FL^ed  End; 


ARCHES 


Deflection  Mode 
Two  Hinged' 


_  .  ru 

’“0  ■  “cry 

Fired  End: 

-rrV 

Where  C,  and  C4  are  obtained  from  Ref.  12  (EM  iW). 
ARCHES 

Bending  Cot.ipresdioc  Mode 
Two  Hinged; 


w  =  ff;  • 


/  H 
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Fixed  End: 


O.SrL^  flk  ' 
Tnbc  =  )/  El*  • 


DOMES  COMPRESSION  AND  DEFLECTION  MODES 


The  mass  in  >hcse  expressions  represents  the  mass  of  arch  or  dome  pins  the  mass  of  the  average 
earth  cover  per  unit  of  arch  or  dome  surface  area.  The  upper  limit  of  the  average  earth  cover 
used  for  obtaining  the  earth  mass  is  taken  equal  to  the  span  of  the  structure.  The  gross  moment 
of  inertia  is  used  in  the  arch  compression  mode  equations  whereas  the  average  of  the  gross  and 
the  cracked  is  used  for  computing  the  arch  flexural  mod^s.  The  periods  for  two  hinged  iu  ches  are 
between  1  and  2-i/2  times  that  of  the  fixed  end  arches  in  the  conqi'csslon  mode  and  between  1-1/2 
to  2  times  that  of  the  fixed  end  arches  in  the  flexural  modes. 


Lead  Shape 

The  time  variation  of  the  modal  loads  ms",  in  most  i.nstanccs,  be  approximated  by  triangular 
loads  with  or  without  a  rise  time.  Conserv:  ..ve  estimates  of  the  isc  time  can  be  obtained  by 
assuming  that  ihc  rise  time  at  the  surface,  if  any,  does  not  increase  v;it’-.  depth.  Then,  for  large 
inclinations  (with  the  horizontal  surface)  of  the  ground  shock,  the  rise  time  can  be  estimated  by 
dividing  the  arch  or  dome  rise  by  the  soil  seismic  velocity.  A  similar  situation  exists  for  the 
detlectson  mode,  however,  as  the  ground  shock  inclination  falls  below  one-fourth  of  the  interior 
angle  the  deflcclion  mode  pressures  begin  to  decrease  rapidly.  Although  many  uiiceitainties  are 
involved  in  estimating  both  the  natural  period  and  the  load  rise  times,  it  is  expected  that  the  ree- 
ouiinriKled  rise  times  will  provide  conservative  results  in  those  cases  where  the  rise  time  may 
have  appreciable  effect  on  the  response. 


Allowable  Deformations 

After  the  natural  periods  and  idealized  loadings  are  established,  the  structure  can  be  designed 
for  the  desired  degree  of  protection.  Allowing  plastic  detormation  will  usually  result  i.''  a  c-^bstan- 
tial  reduction  in  required  strength  and  material  and  it  is  proposed  that  thin  he  considered  for  all 
modal  loadings.  The  ultimate  uniform  compressive  strain  in  reinforced  concrete  is  normally 
taken  at  abcut  0.0030  and  increases  several  fold  if  the  reinforcement  is  bound  [2f>].  The  resistance 
function  used  for  determining  the  compression  mode  response  is  usually  based  upon  an  initial 
tangent  ni'xluius  which  peaks  at  a  the'iretical  elastic  strain  of  0.0010  (for  a  compressive  strength 
of  3000  psi),  less  than  une-third  of  the  uttimain  cylinder  strain.  Using  this  approach  the  allowable 
strain  in  the  compression  mode  could  probably  be  taken  up  to  at  least  twice  the  "elastic"  value. 
This  still  '.oaves  some  allowance  for  possible  subsequent  loadings  plus  additional  compressive 
strains  (such  as  compression  hinges)  normally  not  provided  fur.  Also,  since  the  probability  of 
several  repeated  loadings  of  the  same  magnitude  is  quite  remote  [z7j  uus  approach  appears  to  be 
reasnnabia.  The  ratio  of  allowable  plastic  deformation  to  peak  eluUc  deformation  in  the  deflec¬ 
tion  and  bending  compression  modes  should  I’e  limited  to  three  unices  a  check  of  the  actual 
numerical  value  indicates  that  further  deformation  would  not  result  in  significant  deflection  a.'npli- 
(ication  and  excessive  strains  at  the  compression  hinges.  If  stuii  amplification  occurs  it  may  be 
necessary  to  investigate  the  arch-soil  interaction  in  more  detail  f23]  to  obtaiu  a  -rasonable 
approximation  of  tlie  load  capacity.  Charts  for  determining  the  elastic  or  placie  response  values 
fur  various  load  shapes  (with  or  without  rise  times)  are  found  in  Refs.  l3,  29  me'  30. 


exher  Factors  Influencing  Response 

The  re'aionse  to  tlie  variou  >  roodai  loadings  discussed  will  be  influenced  to  sonic  degree  by 
many  otiier  fncinrs  such  .is  the  presence  of  a  nonrigid  base  and  rotation  of  the  foundation  at  the 
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springing  line.  In  most  cases  these  effects  will  result  in  a  reduced  primary  structural  response. 
Several  other  secondary  factors,  howevet,  such  us  curvature  cha.nges  aiiJ  horizontal  spreading  of 
the  springing  line  may  result  in  incrcasei  stresses  or  strains  or  hi  ’h,  uid  should  be  given  con¬ 
sideration  in  design.  Soil  arching  is  mUuenced  by  the  deformationai  characteristics  and  moti.on  of 
the  structure  in  addition  to  the  excavation  and  backfilling  procedures  us.  d  and  may  increase  or 
decrease  the  arch  loading.  A  load  reduction  due  to  arching  should  not  be  applied  without  first  giv¬ 
ing  all  factors  thorough  consideration. 


ARCH  AND  DOME  MODAL  LOAD  STRESS  EQUATIONS 
Arches 

Equations  for  the  n.  aments,  shears  and  t'liusts  for  two  hinged  and  fixed  ended  arches  are  given 
in  this  section  for  the  blast  niodai  loadings  discussed.  The  effect  of  arch  change  of  curvature  due 
to  the  axial  strains  has  not  been  included  in  the  basic  equations  as  this  effect  can  be  computed 
separately  assuming  that  the  loads  remain  raaial  after  axial  shortening.  Figu. 16  gives  an  indi¬ 
cation  of  the  magnitudes  of  the  elastic  bending  stresses  and  strains  in  a  fixed  ended  arch  caused 
by  this  curvature  change  under  the  compression  mode  loading.  Figure  17  s'  ows  the  reduction  of 
axial  load  capacity  caused  by  this  bending,  computed  by  conventional  ultimate  strength  theory. 

Since  the  flexu.'al  strains  arc  not  sufficiently  large  to  cause  failure,  the  stress  increases  and  load- 
capacity  reductions  can  be  omitted  in  the  design  if  there  is  no  objection  to  uiastic  compre  ion 
hinge  formation.  Similar  slrass  increases  will  occur  in  two  hinged  arches,  Lul  to  a  lesser  extent. 

It  shoo'd  be  noted  that  in  flat  arches  the  change  in  curvature  in  the  compress.oii  mode  may  also 
create  f  significant  change  of  radius  resulting  in  an  ir  .-ease  of  thrust.  This  thrust  increase,  for  a 
60-degree  arch  (fixed  or  two  hinged)  for  example,  iS  qiproximately  10  per;  .at  for  a  0.0010  strain 
and  20  percent  tor  a  0.0020  strain.  Both  liie  strain  and  thrust  increuses  will  be  -mplified  if  there 
is  a  spreading  of  the  springing  line  and  should  be  checked  accordingly  foi  any  particular  design. 
Another  aspect  that  may  sometimes  require  checking  is  the  numerical  magnitude  of  the  flexural 
niixle  del'lectiuns  to  insure  that  the  deflections  are  not  so  large  as  to  create  large  secondary 
effects.  As  an  examph  .  if  we  consider  a  iSO-degree  fixed  ended  arch  having  t  radius  of  20  feet 
and  a  thickness  <  f  12  inches  we  obtain  a  peak  radial  elastic  deflection  mode  displacement  of  about 
1/4  inch  per  psi  of  resistance.  A  piastic  to  elastic  deformation  ratio  much  greater  than  3  may  be 
unrealistic  in  such  a  case.  It  sliould  be  noted,  however,  that  if  the  ratio  is  relatively  large,  the 
passive  presf  i*-  mobilized  on  the  leeward  side  will  increase  considerably  due  to  the  blast  sur¬ 
charge  'md  the  coniouted  deflections  in  this  mode  w,ll  be  conservative.  For  preliminary  design 


te  -  Kalio  of  maxlinuin  c«a31ic 
bending  stress  due  to  curvature  chanf*c 
tc  axial  compressive  stress  for 

tixed  luded  arch  under  eompressio-y 
mt^de  assuming  rigid  .^rts 


Kig.  17  -  Reduction  in  apparent  "I  • 
male  axial  load  capacity  at  cr.  .icav 
section  d’  to  change  c  curvature 
under  cor.'orer.sion  mode  loading 


202 


the  arch  dead  load  (earth  plus  ■'oncrete)  may  be  assumed  as  a  uniform  radial  iuad  in  combination 
with  the  propc'sed  blast  loads.  Tiie  magnitude  of  the  dead  'oad  flexural  stresses  may  then  be 
checked  using  the  relations  given  ‘n  Appendix  A  and  the  design  modified  if  neceasaiy. 


Two  Hinged  Arch  Modal  Load  Relations 
See  Figs.  4  and  18  for  notation. 

Ceflectiuii  Mode  Load 


V* 

V 

'a  R 

(l  -  co> 

(1) 

1 

tan  2 

«A 

^  Ha 

-  Ph  R 

(l  -  eo.  f) 

(2) 

“a 

-  0  . 

(3) 

At  any  point  defined  by  the  angle  t  the  muinent,  thrust,  and  shear  relationships  are  as  follows: 


< 

> 

1 

*  '] 
-  -  rj 

ij  .  l^R  ^*cov  -  CO.  R  sir.’ 

(4) 

N.  V*  ,in(j-  ;) 

-  H*  CO. 

{i~  • )  ■  '*  '■"*  ‘‘ 

(5) 

3,  "  V*  co« 

♦  H*  sill 

(j  '  *)  *  Pa  R  *■ 

(6) 

t'c.r.pression  Mode  Load 

Va 

=  Vb  r  P.  B  .in  1 

(7) 

Ha 

■  Hp  =  Pp  R  cos  j 

(8) 

N. 

r  Pc  R 

(9) 

"a 

-  Mb  --  n;  S,  ^  0. 

(10) 

big.  IS  -  Nolalion  for  two  hinged 
arch  under  biaet  loading 
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Bending-Compression  Mode  Load 


'a 

=  Vb  =  0  :  II*  =  =  0 

(ii) 

Ha 

'  Hfl  =  H*  -  P(,^  S  COA  j 

(12) 
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(15) 
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- 
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(18) 

Fixed  End  Arch  Modal  Load  Relations 
See  Figs.  4  and  19  for  notation. 

DcL’Mtion  Mode  Load 

B*  =  «B  "  f  (19) 
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where 
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(33) 

(34) 

(35) 
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(37) 


Domes 

Equations  (or  the  dome  stresses  produced  by  the  two  blast  modal  loadings  discussed  arc 
presenUd  in  this  section  inc'uding  the  equations  (or  the  •:dge  moments  (or  each  o(  the  modal  loads. 
The  membrane  stresses  (or  the  asymmetrical  load  can  de  computed  by  u:  inq  a  Fourier  series  or 
a  harmonic  mode  procedure  to  approximate  a  unilorm  ur  nnnunilorm  antisymmetric;.:  Ic:  :'.ing. 

The  edge  moments  (or  this  loading  are  approximated  by  computing  the  peak  edge  displac;  ment  (or 
the  membrane  solution  and  using  this  disolacement  in  the  moment  displacemeC  cq'iaticr.'.  (or  a 
uniform  radial  compression  load  v/hich  arc  available.  These  moments  are  adjust^  lo  p-  ■  ‘de 
close  agreement  vyith  the  more  exact  (but  much  more  tedious)  method  usee  by  Havers  {.'Ia*  by 
derived  scaling  factors.  Deflection  mode  fiexural  stresses  ar  higher  than  iiose  comput”!  for 
the  compression  ipode  flexural  stresses  j^r  psi  of  loading,  however,  the  rate  of  decay  o(  the 
moment  away  from  the  edge  (or  the  arvrametric  case  is  similar  to  the  uniform  load  varialiun  [32]. 


Both  the  moment  and  thrust  effect  penetrate  deeper  into  the  domi.  as  the  interior  aneie  is  rednf  prt. 
The  edge  siresses  due  to  fle^4;l•I  in  a  fixed  ended  dome  ran  be  of  the  same  oiJer  of  magnitude  as 
the  membrane  stresses,  the-efere,  if  complete  fixity  is  .■  be  r“tained,  provision  should  be  raaao 
for  these  stresses.  If  there  is  no  objection  to  plastic  compression  hinge  formations  '  hese  edge 
effects  may  be  disregarded.  If  there  is  also  a  substantial  spreading  of  the  supports  tlie  st/aiiis 
should  be  checked  to  determine  whether  they  are  sufficiently  large  to  cause  a  local  failui  e  from 
which  a  general  failure  could  develop. 


Fixed  End  Dome  Modal  Load  Relaiicnr 
See  Fig.  20  for  notation. 

Compression  Mode  Load 
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Inn  (2-0^  1_-^  J  -Jf 

<2-X,)  *  X,  ■  V2'-.X,i>' 


X  s  1  -  r -., 


N,  -  (N,,  •  N,„>  no. 


(45) 


wnere 


N. 


RA  <  r>%  : 

3  \  t  n 


(2-3  cos  ;  *  c.->s ^ 


"  *  2\t*  .  [ 


LX  ' 


N-  -  (N,.  *  N,k>  v-t 


cos  ‘  .  ••  ^  »*” 


(18) 


where 


RA_ 

3  s i» 


,3. 


•(2  cos  /  •  3  sin^;  •  2 


^  r  * 

N  1.  '  2---  -  ■•  I  [s,  '  w  “--'J  '' 


—  s. 


5..  ♦ - * - ^#.i..l  »*n  ^ ^ 

*'■'•  R.  sin  .■  ''"J  J 


209 


(47) 


where 


where 


So  ■  ».n  t' 


{(®■^  *  1^‘be  <'”*  ^)  >">* 

I-  7  -  ‘^°'  '*  'ra.  '  ^  ■  1 

It  "^h*  *  K  /  J 

^  “ab>  '=°* 


"•  ■  ‘  12  B  sin^i.  *• 


i  -J^Li 

"Jh  6R 


1  /"S.  -  ^ 

-V  I—  *  «,bJ 

tin'-/  \  ^  I 


'KS,  _  \1  i  ^.b.  ■  i/> 

.  .  CO.  ,-  .  2M,,.)J  C-.C  ■  ^-—  «  ^  CO,  ;  1-  -jj  b.n 


Simply  Supporit'd  Dome  Modal  Load  Relations 
See  Fig.  21  (or  nutation. 


(48) 


(O)  DEFLECTION  MOOt 


Fig.  Zl  *•  Olait  ioaa  And  notation 

lor  •imply  •••pporled^iomei  —  - 

ritig  rnomeiil,  ••leridional  mo¬ 
ment.  Ny  s  ring  axial  thruet,  - 

.'i^ridional  axial  thrust,  anc  - 

rh«ar  40  plane  o(  eheil 


Ik)  COMPRESSION  MODE 
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K*  =  3(1-  I-’) 

1  -  2u 


(?)' 


(J-.) 

,  I  *  2v  .In  ,\ 

-  >  '  "T.— '“‘(2  ■*) 


K,  .  l  - 


E,  =  1  - 


1  -  2v’  a 


,  .  >  *  2^  .  i 

E,  -  I  -  j7  -  cot  5 


cot  >  =  -  jj- 


Compression  Mode  Load 
See  Fig.  21(b)  for  notation. 


-C  rot  -  •/')  *>r  (K4i*y')  R 

__ 


Z\ 


P.  R 


Nfl  -  -  ^  [2  cot  (\^  *-, ,  -f.,  K-'  tin  (A.;,  tyij  -  -y 

=  4^  r**  *  **''  *  ■'')] 

Ma  =  ♦■'*>  (Ki  ♦«!>  -  2Ej|  cot  (As(,  ♦  ♦  2  *  'in  (A./-  *>)]• 

"  ha'c  (I-  ‘  J 

U  boundary  effects  are  neglected  Eqs.  (36)  and  (37)  may  be  used  where 


P^R(1-^1  e->-*  y 


(43; 

(50) 

(51) 

(52) 


Inflection  Mode  Load 

"♦  =  (P‘tm  *  "as)  «•  » 


where 


is  same  as  for  d.—rc  with  fixed  npports 


"♦b  =  «■*■*  •if' 

P.l  (a  -  tir  a) 


A  - - 


I  2  « 

"Li  *  2  ’  3“ 
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(53) 


1.316 


where 


where 


where 


where 


ct»i  2 

_ 

s 

(l  ■  ‘y«R  ■^i-x  j 

'  2  “  * 

AR  0  1  „  A  '\ 

|2  •  cos  «>  ••  3  sill  /»  -  2  •  cos  r>  1 

3Et  j  ' 

N,- 

(Knx  "  N,b> 

(54) 

'PA  f*Oe  '  *  » 

? - -  ( 2  “  3  COS  /  ^  COS  ^  t) 

3  Jin'.- 

2'  ■  *'  cos  '  •  ;  ) 

-  CO.  r 

(55) 

N.. 

SA  . .  .  •  1  •%  4  > 

y - r-(2  CO*  2  •  3  Mfi  ;  •  2  c&s^;> 

3  stn^; 

S.b  -  J-r  "  («* 

\  iin  r  / 

N,«  =  <s.e.  ‘  »,*b>  '•  (5®) 

N«.  ■  N,. 

-  S.  »•*•*  j^co*  '(*  '  »••. 

“•  •  •  *»h)  '»•  ®  (®’) 

B-.  = - -  H, 

UK  lin^^  * 

“.b  =  -“--V—*  {(rT.W  *  ”*  *) "'} 


SHELL  ACTION  IN  ARCHES 

End  wall*  or  intermediate  <  iaphr^r^a,  ur  both,  can  modify  the  arrh  response,  strength,  and 
stresses  under  the  deilcctlon  erode  loading  by  providing  a  longitudinal  transfer  of  part  (,i  this 
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loading  to  the  walls  or  diaphragms.  Some  estimate  of  the  relaUve  shell  versos  arch  action  can  be 
obtained  using  folded  plate  analii^'.y  or  by  anx'yzing  each  h.'tlf  of  the  arch  separately  as  a  shell 
satisfying  cominun  boundary  c'  nditions  at  the  crown.  The  .lagonal  tension  stre.sses  caused  by  the 
longitudinal  spanning  should  be  estimated  to  determine  whether  enough  reinforcement  is  provided 
to  insure  against  local  failure  which  could  cause  a  reduction  of  the  arch  capacity  and  progr^s;;  to 
general  failure. 
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APPENDIX 


Arch  and  Dome  Dead  Load  and  Earui  Load  Equations 

This  Appendix  contains  the  arch  relations  for  fixed  t  ■  d  and  two  Iiinged  arches  subjected  to 
dead  loads,  earth  loads,  and  temperature  change.  The  .  .lations  gii/cn  include  rib  shortening. 

TWO  lUNGED  ARCH  RELATIONS 
See  Fig.  A1  for  arch  noiatior. 


21S 


Vertical  Karth  Load  tor  Portion  of  Kar'a  Above  Crown 
Load  1  in  Fig.  Al. 

V.  -  V„  -  vH  S  5in  T 


'v  ;  '■IS  I 


i  i 


^-12  =  sin  *  cos  2  |_^  **  "*  *''' 

^  f  t  j  j  -1  sin  i\ 

2  '4'  —) 

^  2  .1  a  3  sin  a 

Ci4  -  1  CM  -  .  j - j - 

1  ^  /  1  sin  »\ 
t'ls  ^  ,i^^2  ‘ 

unit  weight  of  e^rth. 

Vertical  Earth  Loitri  tor  Earth  Surface  at  Crown 
Load  2  in  fig.  Al. 

Va  =  V.  =  >8*  ^»in  5  -  sin  a  ■ 


H.  c  H„  -  yR' 


8*  ^sin  2  ■ 

_A  (~  ^14  *  ^17  *  *-IS  ‘-19  \ 

*  I - - ) 


•  '-‘k^  (•  i  •  = 

♦  12  c«s  j  ♦  cos  aj 

sin  a  f^in  g  ] 

cos  ^  *  . 

5  cos’  I  , 

a 

"  4 

4  V  3 

2  *  2  1"”  2  **; 

*  3  *  24 

sin  f  r,  «  cot  I  sin’  |  sin’  2  cot  2 

2  1  cot:  a  2  2  2  2 

^11  =  ~T"'L5  i  5  3  ■  9 

r  ■  j  i.’’ 

t’  I  sin  I  /  cos  ®\  ,2.  /  **”  ^  I 

'  *28’  1.  '«  \  *  2  j*  16  2)'  3  J 

r’  r  1  *  ’ 

C, ,  =  X  L“  *  '®*  “)  *  3  *•"  '*J  *  4S  f"*  * 

Honzuiiial  Earth  Load  for  Portion  rC  Carth  Above  Crown 
Load  3  in  l'.%.  Al. 
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where 


H.  =  Hn  I  rKH.R 


('4^1 


‘20  ' 


UR** 


2  V 

a 

cos  y 


■  4  ■  8  / 


Sa  cos 


2  V2 


r3  r  I  ^2 

Cu  *  ■4'  |_®  ^  2  *  cos  a)  -  3  sin  aj  ♦  ^  (a  ♦  sin  a) 


i  -  sin  (jt 
1  ^  sin 


and  is  ;»ngle  ci  friction  of  eariii. 


(AT) 

(A3) 


Horizontal  Earth  Load,  Earth  Surf ac'.'  at  C.own 
Load  4  in  Fiit.  Al. 


whkrv 


C„  .-  a  (• 

c  - 

X2R2 


32/ 

.2 


Cu 

K 


4  u  «  a  9  cx  . 

cos^  j  COS'*  j  cot*  y  5  co* 

__  ♦  _  *  "r" 

“  2  »  3'\  *J2x(3  ^ 

4  V""  2  ■  ”•  2  *  8/  ■  nr’Vg  * 

r  It* 

[a<2  ♦  CO*  a)  -  3  sin  oj  *  ^  ^  *•” 


1  ~  sio 

I  »  sin  ^ 


r  is  angle  of  friction  of  earth. 


Temperature  Change 


(A9) 

(AlO) 


(All) 
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Et  AT  sin 


3R^  r'i(2  ♦  cos  o)  ~  3  iin  -ij  ♦  ^ 


where  AT  =  change  in  temperature 

i  =  coefficient  of  thermal  expansion. 


FIXED  END  RELATIONS 


See  Fig.  A2  for  ai  •*:  notat'en. 


Arch  Dead  Weight 


H.  =  =  0 


V*  =  V3  = 

I  c''  .  a  ^  !t)'l 

“a  =  “b  =  “o  ♦  **o  R  \ - 2 - 7  ■  ''**  V”"  2 - T - / 


a  / ,  a^ ^  / 3  t*  \  { 2^a  tin  a  \ 

=  ?  (‘  -  •«  2/  -  (i  •  ,28*)  2  4  ) 


'U*<  tfa.  a  1 


— Ho  »'  "0 

“•H.l\  v^lts 


*1  \t  .4 

\  r 


Fig.  -  N';tat<jn  Cor  fixed  end  arch  ur^Jer  blast  loading 
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where 


vR^  .  1  ^  ^  .  2  ^  ^  ^  A  A  2-\ 

12*  r’  2  ~  ^  **'*  2  'i  "  sin  2  ‘  4  4  V | 


vR-s 

TTi 


_L_  ‘i\ .  ^  1  („ 


,2  ±  \ 


!  ~  3  ■* in  >i  I 


a  ^7  +  6  CM  -  2  ^  ^>0 

yR^  /'-  JO  ~  ^37  *  ^38  \ 

'  6  '  C-3,  j 

i)..,.,;(’'”p-f-.™ri| 

=  ^  ^3  coi^  ^  *  *•'>  J  j^S  ■  -3  2  ■  3  2  ^ 

/  3\  .  ./.  i!!li  !!li5  ^!!li 

=  \,*  ■  21R2.'  |_i  \  '  16/  *  **"  ^\3  ■  16  *  i  H 


12R'  *  t’ 


2E^  :i.-. 


(»  ♦  ^in  i)  •  - 


Horizontal  Earth  Iv.ad,  Por'.iou  of  Earth  Above  --rown 
LiOaJ  3  in  Fig.  A2. 

V*  =  Vg  .  0 

6,  =  Hg  =  -II,  .  /I£H,H  (l  -  co.|j 


where 


“b  -  I. 


*  "<.*  V— ; - 2/ - 2 V  *  2/ 


(3i  *  sin  i) 


2  Jin  il 


(A22) 

(A23) 

(A24) 


♦  Jr' 

H.  =  >IIH,R^y - - j 


^  »  .  sin  u  1  ,  , 

c<o  -  y  *  “2“‘\V  *  ^  ;  T^\,  2 


[  sin 


-I  - 


\2  sin  : 


♦  1  ♦ 


1  ••  2 

C^j  -  ^  ♦  *in  a>  -  — g — (cot  a  ♦  5) 


12R2  ♦  ,1  _  .  ♦*’  2 

- -  <a  ♦  j-n  a)  - - ^ - 
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K 


anule  of  frictinn  of  earth. 


Hiinzniital  Earth  Load,  Earth  Surface  at  Crown 
Load  4  in  Fig.  A2. 


'^A  ^  “n  =  •  H„R  ' 


'Jt^  -  CO%  -jJ 


“a  -  -  H. 


'K  (I  -  cos 


js'S  ^  ^1 1  2  ^  i 

- 7 - - —7- 1  -T-  - s - U  »  ri.s  '  -T  I  + - ; - 

3.  (l  -cos  ^  V  -  J 


•  ''/-Ail 


.  _ _ -  K  _ _  ‘  -  <4  ^  44  -  '  4S  i 

24  |l  -  cos  j_  J 

=  >KR  -  CO.  yj 

i  »  «0  -  3co.Jf.) 

C44  =  -•  (1  -  -  ^(»  *  cos*f)j 

(•»  2  1  a  a  \ 

i  c‘o»  2  4  2  ‘ 

-  ^ -  — - — 


UR*  +  t* 


(a  *  sin  1) 


2R*  sin*  I 


Tein|>erature  Change 


H*  ^  H.  =  H. 


V*  =  V-  =  0 


«.  =  M.  =  H.  R 


‘‘"f  c'l 


whoi-e 


4Et^  'AT  sin  4 


,12'?*  .  t*)  ( 1  • 


■len*  sin*  i 


=  temj'eratiire  chan'^P 
■  coefficient  of  tfuT'i'.'il  cxpai  .ion. 

FIXED  END  DOME  RELaTIONSs  FOR  DEAD  LOAD 
Sfe  Fig.  20  lor  nomenclature. 


N. 


-w?  _ 

!  ♦  cos  ; 


a--) 


Cf'* 


sin(^»'  *  ») 


N,  -  >*i\,  i  , - -  -  cos  ♦ - - - r=rr  — ji 

V  l  »  cos  ;  ,  ,  l/  />  \ 

2  )/  sin  -  vj 


2  cos  ('..•*)'>  ”  ( K  j  f  K2)  t  ■  -  •  )  M 


«.  = 


RCt 


(j  -  .) 

RCc-  ■ _ 

""(I'T 


jj((  cos  I V ♦  > )  »  sill  ■  >>J 


|[(1  •  :  *>  (Ki*  K,)  -  2K,J  cos  (•-.  •  >  )  -  2;  *  sin  ( 


(A31) 


(A32) 


(A33) 


(A34) 


whore 


c  =- 


•  UK'  ^sin  j 
‘K*  sin 


..  .r.. 


I  ♦ 


( 2  *  I )  sin  4 


l^l  •  cos 


-Kjfa  +  O  sin 


2\ 


hy\*  •  t  sin  2 

cot  >  =  2j^ 
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SIMPLY  SUPPORTED  DOMF  EQUATIONS  FOR  DEAD  LOAD 
See  Fig.  21  for  notation. 


ANTENNAS  FOR  HARD  RADIO  COMMUNICATION  SYSTEMS- 
A  PRELIMINARY  STUDY 

S.  P.  MorjuA.'.  and  E.  E  Zajar 
BiM  i'«*lfphom-  •  aUoralones,  NfU'  Ji  isey 


The  study  cnrsidt*»‘»*d  »n  parlicular  thf  probli-m  ot  dt  signing  radio 
anicnnas  to  survive  at  the  SOO-psi  point  under  ailacics  by 

nuclear  vrapons  in  the  snegatan  rangi*.  Th*.*  ttudy  vas  based  upon 
tundanu-ni.il  physic. il  prir.ciples  r.»lh*T  than  ”h  rcli-ning*'  ul  ixisting 
‘Irsipns. 


i*>TntjDUCTiON  AND  SUivlMAR*! 

^aper  rcporii  a  siudv  i..r 

vtiy  hard  radio  communication  systems.  The 
siluation  envisioiv-d  is  that  of  a  buried  control 
center  or  iiu'.ii.ii  >  !u  ulquarters  which  is  ex- 
pn  ted  to  survivv  in  .U.plc  near  misses  by 
nuclear  wc  ipo  --  in  liie  niopatim  range. 

One  wcu''<  like  a  communication  l•l■•lnec- 
tion  .oinsistiii..  I  a  single  radio  antenna  on 
li'p  ...  a  i.urieil  con.rol  tenter,  the  antenna 
being  )ust  a.  hard  .'s  the  cenlvi  itself.  Such 
an  antenna  would  present  a  point  target,  and 
Would  require  the  enemy  to  kniKk  out  the  cen¬ 
ter  Itself  in  order  to  destroy  the  antenna.  A 
radio  conimunicaliiin  s'  stein  <>1  tins  sort 
could  serve  as  a  substitute  tor,  or  .it  least  as 
a  .Mipplemi  nl  to,  .1  hunt  communication  svs- 
'1  111  usii';;  i\ii  ii  d  I  ..oh  .  In  this  p.'per  we  -.hall 
,  ..I,  .r. ‘hi  .ill  uriural  problems  i  i.coun- 

tei  ed  111  designing  such  a  system.  Wo  shall 
oniv  mention  in  passir.„  some  of  the  mteresting 
c!'  -  II  e  al  quculions  that  are  involved. 

Wc  have  ennsidered  a  ccaple  of  situations 
which  seem  to  blanket  a  range  of  possible 
objectives.  Fust  we  ha.e  considered  an 
ommdii  ectioniil  system  with  a  range  of  atiout 
25  miles  and  a  small  rommunlcat.ons  capacity 
of  one  or  a  icw  voice  channels,  f  or  the  hard¬ 
ness  level  we  have  more  or  less  sib>tiaiii> 
adopted  iOO  psi  since  at  much  higher  ov*  -- 
oi<  .ssure  levels  one  is  inside  the  plastic  aone 
suiruuis'ing  loe  bomb  crater.  As  a  second 
tvpe  of  objective,  wc  have  considered  •  very 
hard  radle,  rcUj  system,  again  at  an  ov  r- 
pressure  ol  500  p.  .  ii.  ;hi»  casr  we  have 


t  .isior.cd  point- to-pr.iht ,  large  capacity  com¬ 
munication  links  of  niuji)'  voice  channels  or 
aie'cral  TV  ch  ienci«. 


NATURE  OF  THE  ENVIRONMENT 


Figure  1  shows  a  .sketch  of  the  crater  tor 
an  8-MT  surface  burst  ohluiiicd  from  data 
given  in  an  unclassified  handbook  |1].  In  add!- 
li  m,  Ref.  1  gives  the  following  values  at  the 
500-  psl  point  for  this  location: 


Range  from  ground  zero: 
Static  overpressure: 
Dynamic  overpressure: 
Dui'alioii  of  positive  piiase. 
Velocity  of  :iir  .siiock  wave: 
Wind  velocilv  behind  wave 
front; 

I'eak  ri  llecled  uver- 
prcEuurc: 


3R50  feet 
500  psi 
1000  psi 
l.d  seconds 
4000  mph 

3300  iiiph 


3500  psi* 


voc-  »{ 

.•  isir'  M 


Fig.  1  -  Sk.  lull  of  c  rate r  fur  3-MT  hurst 
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The  data  on  ground  shock  that  are  avail¬ 
able  (2)  give  us  only  very  crude  estimates  of 
what  to  expect.  For  example,  it  seems  rea¬ 
sonable  to  expert  suifacc  accelerations  at  the 
SOO-psi  point  for  an  8-MT  burst  to  be  at  least 
lOOg,  and  possibly  much  more,  with  displace¬ 
ments  of  the  order  of  a  fool  nr  more,  and 
vel.ocities  something  like  30  fi/sec. 

It  was  assumed  that  the  effects  of  thermal 
and  nuclear  radiation  on  the  meciia,iical 
strerft*b  of  fho  antenna  struc*ure  would  be 
negligible,  a..thougn  it  is  expected  that  a  sn'iaU 
amount  of  material  per  shot  would  be  lost  by 
ablation.  The  important  thermal  and  nuclear 
effects  on  dielectric  materials  wo<ild  have  to 
be  studied  further  in  any  actual  antenna  design. 


ANTENNA  TYPES 

The  t;pes  of  antennas  fall  into  one  of  two 
broad  classes,  flexible  (or  disposable)  struc¬ 
tures,  and  inflexible  structures.  Example/  ji 
the  first  class  would  be:  (1)  A  vertical  roa 
mounted  on  a  heavy,  helical  spring.  The  rod 
ducks  down  during  the  blast  and  tlien  returns 
to  i's  operalii  g  pusition.  (2)  A  conducting  wire 
held  upr  'M  by  a  captive  balloon.  After, 
lilast  a  dispenser  sends  up  another  balloon  to 
icplacc  the  one  that  has  blown  away.  All  such 
iK.'hcnics,  however,  require  some  mechanism 
wi'h  moving  parts  which  can  .vithstand  the 
eno.'i.--'”'.  iihocks  and  pressures  of  the  500- 
psi  enviionment;  and  it  appears  that  it  would 
be  easier  to  prove  the  feasibility  of  rugged, 
completely  stationary  structures. 

The  best  solution  for  an  omnidirectional 
radiator  appears  to  be  a  flush-mourted  annular 
slot,  shown  schematically  in  cross  section  in 
f';’.  '>  All  conductors  are  made  of  steel,  and 
tne  fet'd  structure  is  filled  with  a  relractory 
dielectric  (fused  silica,  fused  "mma,  fused 
mvllb".  fused  stabilized  zlrconia,  and  recrys- 
tallized  siasa  are  possibilities).  Radial  steel 
bolts  may  be  placed  across  the  large  coaxial 
for  impedance- matching  purposes  and  also  to 
add  mechanical  strength.  The  renter  plug  of 
the  antenna  may  be  made  of  reinforced  cor- 
crete.  At  30  Me,  the  diameter  of  the  pinpcsvil 
antimna  would  be  about  16  icet;  and  its  depth 
would  be  about  4  feet. 

The  best  type  oi  microwave  an'cnna  for 
me  point-to-point  system  appears  to  lie  an 
ai  .-ay  of  ;:t"-l  slotted  waveoiides  tilled  with 
a  otraetury  dielectric.  The  electrical  studies 
indicate  Uiat  a  reasonable  op.-rntir.;  freqiiency 
for  this  array  would  be  1000  .vie  anu  thltt  it 
shoui.i  be  ainxi!  26  feet  above  gruund. 
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MECHANICAL  DESIGN 
Omnidirectional,  Flush-Mounted  Antenna 

We  have  assumed  a  center  plug  (Fig.  2)  of 
reinforced  co;ic,-ete,  surrounded  by  a  tlin;  skin 
of  Steel.  The  sC'/.'-psi  air-induced  ground  shock 
has  been  assumed  to  double  upon  reflectlon> 
sending  a  lf'''d-p.si  stress  wave  into  the  plug. 

We  design  against  -'battering  of  the  concrete 
by  a  three-dimensional  system  of  reinforcing 
rods.  (Tills  system  is  discussed  later  in  the 
case  of  the  microwave  tower.)  With  a  suffi¬ 
ciently  strong  dielectric,  only  ?  thin  skin  of 
steel  is  required  as  the  outer  conductor.  If 
such  a  dielectric  is  unavailable,  electrically 
invisible  bolts  made  o(  a  fiberglass- reinforced 
epoxy  resin  can  be  used  to  transmit  the  load 
from  the  outer  skin  lu  the  Inner  plug. 


Microwave  Tower 

Roughly  speaking  the  problems  of  design¬ 
ing  a  25-fnot  microwave  antenna  (Fig.  3)  are 


gain  Dimensions  appkox 


*  k 

Mcrz 
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3  •  lOOU-VzC  broadride  slatted 
w«v.?guid4  .«  rays 


four  types:  (1)  stresses  due  to  the  SWi-psi 
envelopini;  pressure,  (2)  anchorage  oi  ihe 
structure  to  keep  it  from  blowing  away,  (3) 
stress  waves  generated  by  the  impact  of  the 
3500-pLi  reflected  pressuie,  and  (4)  stresses 
due  to  the  drag  loads. 

The  buckling  problem  dictates  thick- 
walled  structures.  For  example,  the  standard 
formula  [3]  fur  a  steel  cylinder  yields  a 
thick.iess-'to-radius  ratio  ot  3/2S  to  prevent 
static  buckling  under  the  total  slatic  plus  u.'ag 
pressure  tc  1500  psi 

Similarly  the  high  drag  forces  preclude 
the  use  of  a  frame  structure.  For  example, 
pin-eixled  members  made  of  100,OG«)-nsi 
yield  strength  steel  would  require  a  length-to- 
diameter  ratio  of  6  tc  1  fur  the  drag  loads 
hand.  With  such  stubby  members,  a  structure 
would  be  very  difficult  and  expen.eive  to 
fabricate. 

'*'2  are  thus  led  to  a  structure  made  of 
solid  or  very  thick-walled  rather  than  thin- 
walied  members,  and  one  which  is  made  of 
one  cr  a  few  stubby  members  rather  than  a 
great  many  stubby  members.  Two  designs 
look  promising  One  is  a  truncated,  thick- 
walled  steel  cone  filled  wiili  euncrete.  The 
concrete  provides  a  solid  inner  core  that 
helps  keep  the  thick-walled  steel  outer  cylin¬ 
der  from  buckling.  Lacking  an  analysis  of  the 
dynamic  b':'kling  strength,  we  arbi)r.crily  take 
a  tblcfcncsi!  •>  ■•redius  ratio  of  1/10  for  the 
outer  steel  shell.  Because  of  the  concrete 
core  and  the  short  time  of  loading,  it  is  felt 
that  this  thickness  will  be  adequate. 

An  alternative  structure  is  a  tower  made 
of  a  single  material  with  a  tensile  strength  of 
over  3b(HI  psi.  For  the  purposes  of  this  study, 
we  have  considered  reinforced  concrete.  The 
amount  of  reinforcing  steel  is  very  nearly  the 
same  as  that  contained  in  the  thick  steel- 
walled  design  (18  percent  to  19  percent  by 
vulurac).  Thus  the  weights  of  the  two  struc- 
tui  es  are  roughly  equal,  and  the  subsequent 
discussion  will  apply  to  both. 

To  support  the  proposed  antenna,  the 
tower  is  required  to  have  an  8-fool  square 
sectioit  (Fig.  3),  at  a  height  of  25  (eet.  We 
take  the  iiali  opening  angle  of  the  tower  as  25 
degrees  (Fig.  4)  as  a  compromise  between 
various  cicctrlcal  and  mechaiiicai  factors. 

Anchorage  Problem 

Horizontal  Displacement.  Consider  first 
that  the  tower  is  silting  on  the  surface  of  the 
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grouixl.  If  we  assume  a  coeff.'cient  of  friction 
of  0.3  between  the  ground  and  the  tower,  we 
find  that  the  wind  forces  translate  the  tower 
horizontally  at  a  considerable  9g  while  the 
total  vertical  force  acting  on  the  tower  is  cap¬ 
able  of  accelerating  It  downward  at  40g  (Ap¬ 
pendix).  On  the  other  hand,  the  data  of  Ref.  2 
indicate  that  the  ground  acceieratio.':  may  be 
more  than  lOOg.  Hence  we  may  have  a  situa¬ 
tion  where  the  air  shock  pushes  the  ground  out 
from  under  the  tower  while  simultaneoi.sly 
striking  the  tower  with  an  enormous  hcrlzon- 
tal  force. 

To  overcome  this  problei.  one  could  tic 
the  tower  into  deep  piles,  or  else  deepen  the 
foundation  so  tliat  not  only  the  tower  but  a  very 
large  volume  of  earth  must  be  moved  in  order 
to  translate  the  tower  horizontally.  Both  of 
these  alternatives  may  be  feasible.  However, 
both  lead  to  a  very  speculative  dynamic  soil 
mechanics  calculalion.  We  therefore  use 
anotlier  scheme  which  Is  amenable  to  simple 
cc’culations.  This  is  to  attach  to  the  tower  a 
buried  "friction  brake"  or  "root"  structure 
(Fig.  4).  The  brake-  extends  all  aro-jnd  the 
lower  to  a  considerable  lUstaj.re  (rum  it;  thii  = 
a  blast  wave  advancing  from  any  d. ;  ;ctlon  first 
clamps  down  on  the  brake  and  -  s  the 

friction  force.  When  the  wave  R:r  .>  .-.t  the 
abovc-grc’jnd  pijrtiuii  ii'  the  tower,  I  -  o  tower 
has  alre,  ly  been  secured  against  horizontal 
motion  (.Appendix). 
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Wc  envision  the  brake  to  be  made  of 
pit'Oted  liiik  sections  of  gr*!!ag;^  {Fig.  4). 
These  act  tike  wide  fiexibie  strings  that  can 
transmit  only  furees  in  their  ptanes  and  can¬ 
not  ti  oiismit  shear  forces  and  beialiiig  mo¬ 
ments.  The  grillages  ride  along  with  the 
ground  motion,  and  the  ground  transmits  force 
to  the  grillage  only  by  virtue  of  its  relative 
notion  tangent  to  the  grillage. 

Overturning.  In  order  for  the  '.ower  not 
to  rotate,  the  sum  of  the  moments  of  all  forces 
about  the  towel  's  cenier  of  gravity  must  be 
zero.  We  de.aigr.  to  this  condition  by  inclining 
the  grillage.  We  assume  that  the  inclination 
angle  is  approximately  constant  during  the 
ground  motion,  that  the  farces  from  the  gril¬ 
lage  acting  on  the  tower  are  directed  along  the 
grillage,  and  that  the  reaction  forces  from  the 
ground  in  contact  with  the  structure  are  negli¬ 
gible.  Under  these  assumptions,  the  inclina¬ 
tion  angle  of  the  giillage  necessary  tu  give  no 
moment  about  the  center  of  gravity  of  the 
structure  i;;  approximately  23  degrees 
(Appendix). 

Vertical  Motion.  Tlie  downward  force  on 
the  tower  is  limited,  being  essentially  a  coef¬ 
ficient  of  fi  ieiioii  times  the  projected  area  of 
the  grillage  tunes  the  overpressure.  Detailed 
calculations  arc  given  in  the  appendix;  the 
result  IS  a  33g  acceleration  of  the  tower  from 
the  downward  grillage  forcr  «  alone.  However, 
the  a  -  "it'c  value  of  tne  stresses  resulting 
from  this  acceleration  is  low,  being  an  aver¬ 
age  of  45C  pul  over  the  bottom  cross  section 
for  the  reinforced  coiktrete  tower,  and  2360 
psl  for  the  steel-walled  tower.  These  stresses 
are  further  reduced  by  the  SfO-psi  overpres¬ 
sure  pushing  down  on  the  tower. 

In  the  extreme  »  ase,  the  33g  force  of  the 
grillage  will  combine  with  the  40g  downward 
force  of  the  oeerpressure  to  give  a  net  73g 
downward  acceleration.  As  we  remarked,  this 
still  may  t'C  less  than  the  .townward  accelera¬ 
tion  of  the  ground;  that  is,  there  msv  be  a 
tendency  to  uproot  the  tower  from  the  ground. 
Tu  preveig  this,  we  have  placed  tbu  bottom  of 
the  tower  (Fig.  4)  S  feet  below  the  ground. 

Coxn^cessive  strnsset;  ..aused  by  the  up¬ 
ward  ground  ."otlon  do  not  appear  to  be  a  prob¬ 
lem.  For  example,  a  200g  upward  accrleratlon 
contributes  an  average  comprsM've  stress  at 
ide  bottom  croaa  aectionof  only  (200/33)  x  450  > 
2730  psl  In  the  esse  of  the  reinflorced  concrete 
and  14,300  psi  In  the  case  of  (he  steel- wall 
tower. 


Internal  Stresses  Due  to  iJ.j 
Re:  '  cit'd  Overpressure 

In  the  case  of  a  reinforced  concrete  struc¬ 
ture  the  3500-psi  peak  reflected  overpressure 
is  a  problem.  For  one  thing,  it  is  of  very  short 
duration  (5  milliseconds  for  a  25-foot  high 
tower),  and  one  cannot  compute  the  resulting 
stresses  from  an  equivalent  static  load 
approach.  For  another  thing,  i  ucent  tests 
indicate  that  when  reinforced  concrete  fails 
dynamically  the  bond  between  the  concrete  and 
tlie  reinforcing  rods  is  broken  [4].  It  is  felt 
that  the  impact-generated  stress  waves  travel 
faster  in  tlie  steel  rods  Uiar.  they  do  in  the  con¬ 
crete  and  thus  break  the  bond.  However,  it  in 
not  clear  to  what  extent  this  dlmlnishcR  the 
strength  oi  re..tforced  concrete,  and  failing 
more  knowledge,  we  shall  assume  that  rein¬ 
forced  concrete  can  be  used. 

In  the  case  ot  a  steel-walled  tower,  the 
high  reflected  ovt-rpreasure  can  be  expected 
to  be  substantially  reduced  upon  passage 
through  the  tfu,.k  steel  outer  cylinder  into  the 
concrete  core,  iicwcver,  c-.’en  if  the  concrete 
core  fractures,  no  harm  will  be  doiie  since  the 
core  merely  prevents  buckling. 

The  high  reflected  pressure  leads  to 
spalling.  This  effect  is  illustrated  by  the  im¬ 
pact  on  a  rod  (Fig.  5)  of  a  pressure  pulst' 
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Fig.  7  •  Elementary  theorv  of  epalling 
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which  initiates  a  compressive  stress  .ave. 
Upon  rei  lection  as  a  tension  wave,  the  poise 
may  <  ause  a  rod  that  has  a  low  tensile 
strength  to  fail.  An  elementary  theory  of 
spalling  due  to  Rinehart  is  in-'luded  in  the 
appendiJi.  For  cone rete  with  a  tensile 
strength  of  100  psi  and  a  stress  wave  veloc¬ 
ity  of  10,000  ft  per  sec,  it  indicates  that  a 
350v-psi,  5-miUisecond  pulse  will  produce  35 
spalls,  each  0.72  feet  thick. 

The  35UO-psi  peak  reflected  pressure 
acis  over  only  a  Sie .  U  port'en  of  the  frert  of 
the  tower  and  taiiers  off  to  the  ambient  500- 
psi  pressure  at  the  sides.  Also,  the  stress 
wave  generated  by  the  peak  pressure  disperses 
in  three  dimensions  in  the  solid,  ihus  reducing 
its  strength.  On  the  other  hand,  reflections 
off  the  base  and  sides  and  subsequent  recom¬ 
bination  may  lead  to  local  stress  concentra¬ 
tions  that  exceed  the  peak  reflected  pressure 
of  3500  psi. 

he  rod  niodel  indicates  that  a  rough-and- 
ready  design  is  to  reinforce  so  as  to  give  it  r. 
tower  a  tensile  stieni^th  of  3500  psi  in  aav 
direction.'  We  assume  here  that  the  isotropic 
strength  requirement  may  be  achieved  by  a 
pattern  of  r<»is  spaced  uniformly  along  three 
mu‘'.iaUy  orthogonal  directions,  with  the  ratio 
of  steel  are.!  to  the  total  ares  in  each  of  the 
three  orthogonal  planes  made  equal  to  3500/ 
c’y  (  ’y  is  lire  yield  strength  of  the  steel  in 
psi).  For  a  pull  is  exerted  in  iiru  direction 
of  one  of  tir.-  aysrems  of  rods,  a  stress  of  3500 
psi  is  reouired  to  cause  failure.  A  pull  in  an 
arbitrary  direction  such  as  normal  to  the  plane 
ABC  (Fig.  6),  will  be  resisted  by  the  rods  in 
the  three  mutually  perpendicular  directions 
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Fig.  6  Streii  on  anarbitrary  p'.auo 
in  trlaxlally  rr‘..'.;;rced  cuncecu 


(*.y,  i  in  Fig.  6).  The  resistive  force  in  each 
rod  will  inc  ■"■asa  until  the  rod  is  it  its  yield 
strength,  l.nally,  when  all  thi  rods  are  at 
their  yield  strengths  and  the  stress  on  the 
ihrcc  orthogo!!?.!  pixies  is  BaO.l  poi,  a  stat.-:  oi 
hydrostatic  tension  will  exist.  Thus,  the  stress 
on  t.'’*;  plane  ABC  in  this  case  will  also  be  the 
yield  stress  of  3500  psi. 

Vhe  amount  of  steel  required  by  this 
scheme  is  high.  For  example,  for  a  60,000- 
psi  steel,  18  percent  of  the  total  volume  i.s 
steel.  Further,  we  wish  to  caulioii  llia'i  we 
have  assumed  thai  the  snear  and  bond  .strength 
of  the  concrete  will  be  sufficient  to  transfer 
the  load  from  any  plai..,  to  the  rods,  and  from 
rod  to  rod.  In  any  serious  consideration  of  a 
reinforced  concrete  design,  these  assumptions 
and  the  assumption  that  the  dynamic  strength 
of  reinforced  concrete  is  not  overly  diminished 
by  the  stripping  phenomenon  wouic'  lave  to  be 
checked  by  experiments 


Inter.ial  Stresses  I.’-  •-  to  the  Static 
and  Dynamic  Overnres  .•vree 

To  determine  the  stresses  due  to 
the  static  and  dynamic  overpressures, 
we  resort  to  the  usual  structural  dynamics 
assumption,  namely:  For  loadings  of  long  dura¬ 
tion  compared  to  the  fundamental  period  of  the 
structure,  the  peak  dynamic  stress  is  less  than 
twice  the  corresponding  peak  static  stress. 
Hence  to  compute  the  effect  of  the  3300-mph 
wind,  we  assume  that  the  wind  pressure  is 
pronortional  to  the  square  of  the  normal  com¬ 
ponent  of  the  wind  velocity,  which  is  in  turn 
assumed  to  be  constant  in  direction  and  mag¬ 
nitude.  We  then  compute  the  stresses  result¬ 
ing  from  this  pressure  applied  statically  and 
take  twice  the  resulting  stress  to  be  the  dynamic 
stress.  We  assume  that  the  enveloping  over¬ 
pressure  results  in  n  hydrostatic  state  of 
stress  of  5UU  psi  which  is  superposed  on  the 
stresses  resulting  from  the  wind  loading. 

The  calculations,  based  on  beam  theory, 
are  given  in  the  appendix.  We  find  the  result¬ 
ing  maximum  tensile  stress  to  be  18C3  psi  in 
U'e  case  ol  (he  reinfc.ced  concrete  tower,  and 
8000  psi  in  the  case  of  the  steel-walled  tower. 
Thus,  ‘n  nelUier  case  are  the  ntioss  levels 
excessive. 


CONCLUSIOMti 

Thr.  upshot  ol  the  present  study  Is  that  it 
appears  feasible  to  get  any  amount  of  radio 
communication  up  to  band'Aildths  of  mai>y 
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megacycles  in  a  500-psi  systerr  —  if  one  is 
willing  to  pay  for  it.  As  is  already  clear,  how¬ 
ever,  there  are  many  unanswered  questions, 
which  fall  into  three  general  categories. 

(!)  We  need  further  information  on  the 
strength  of  reinforced  com  rele  under  shock 
loading  and  under  muit.idiinensiu.iai  reiiilorcing 
in  order  to  complete  the  design  of  the  tower. 

•  3'  More  extensive  -1  aiialyses 

to  discover  cheaper  de  order.  For 

example,  by  •<  more  carei_.  .  s,  one  prob¬ 
ably  can  design  a  thick-wailcc*  ..  .nforced  con¬ 
crete  hollow  tower  that  contains  considerably 
less  steel  than  our  steel-walled  or  solid  rein¬ 
forced  concrete  tower. 


(3)  Data  are  required  on  the  strength  of 
vario'.s  refractory  dielectrics  under  meciiani  jal 
and  ti..'.  .-.lat  shock,  and  also  on  the  effects  of 
neutron  iriadiation  of  such  dielectrics. 
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APPENDIX 
Design  of  Tower 


HORIZONTAL  AND  VERTICAL 
FORCES  AND  ACCELERATIONS 

HorlzonUl  Force 

We  aesume  that  the  normal  pressure  is 
'  t  Vj,^,  where  „  is  the  velocity  component 
normal  to  the  surface.  Further,  we  assume 
that  the  wors'  sitaatlun  oci.urs  when  the  biast 
wave  approaches  horizontallv.  Then  if  v  Is 
the  magnitude  of  the  particle  velocity  in  the 
blast  wave,  we  have  from  Fig.  7 

Vp,  =  V  coi  •t  cot  0  . 


and  hence 


P  ■  y  ‘  Pd  cot’/  cot’  ■ . 

whe.'L-  i>Q  ^  ,'V’  2  Is  the  dynamic  pressure. 
Let  Fp,  be  the  total  horizontal  load:  f'en 


Fig.  7  -  Wind  fcrcet  on  the  tower 
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(\2  H 
COS  4'  I 


CO':  4  i'.‘» 


where 


For  f  =  0.3,  pj.  =  r.00  psi,  and  p^,  =  1000  pei, 
we  find 


--  . 


giving 


F„  -  ^  p[,  (h*  -  b^>  sin  cos  4  ■ 


Vertical  Force 

The  vertical  wind  load  duo  to  a  horizontal 
wind  against  the  tower  of  fig.  7  is  given  uy 

0. 


o..  i  -  h^i  siii^  -1 

4  ■  “  ■ 


Let  be  the  vertical  load  due  to  static  over¬ 
pressure  P3;  then 

0^  (»  ^  t.sn^  .'  . 


GRILLAGE  ANGLE 

Lf  ■.  F„  and  Fy  be  the  resultant  horizontal 
aru  .  rtical  wind  loads  due  to  a  horizontal 
wind.  The  grillage  inust  resist  with  a  hori¬ 
zontal  load  F„  in  order  to  prevent  sliding. 
Therefore  there  is  a  couple  F^-(  acting  on  the 
lower  (Fig-  7).  To  find  thi.s,  sum  Uic  uiuments 
of  the  horizontal  wind  forces  about  0  in  Fig.  7; 


3  pd  '  L  '  ■ 


l-hirthcr,  the  momcni  f  the  vertical  wind 
forces  about  the  center  cf  •.cavity  is 


Cl’, 


cos  0 


and  the  total  vertical  load  Fy  is 
Fy  =  Qw  '’A  ■  PD  5  (•'*  -  fc*) 

sin^  ;  ♦  Ps-h^  t«n’:r  . 


Vertical  Acceleration 

Neglect  and  !>■’  compared  to  h*  and  b’. 
Then  the  vertical  acceleration  due  to  static  and 
dynamic  overpccssures  is 


Po/hV  (3 


A.o»^  '  3  — -  40(e  . 


5  (h*  - 

’  ”  Pd  "j"”  “* 


Assume  that  at  the  points  of  Mtae*:  u  li 
to  the  tower  the  grillage  is  free  to  iauve  tan¬ 
gentially,  that  is,  that  force  ia  transmitted  only 
in  a  radial  direction.  The  pull  on  each  pie 
section  of  the  grillage  Is  therefore  radial. 

Since  the  pie  sections  are  of  equal  area,  the 
force,  say  T  per  unit  length,  at  which  slippage 
relative  to  the  ground  begins  will  be  equal  in 
magnitude  for  each  section.  For  horizontal 
equilibrium  we  have 

w  7 

f|,  -  I  T  coi  P  coi  6t  M  =  JTr  coi  , 

^■w  1 


Horizontal  Acceleration  on  a 
Surface  with  Friction 

Let  f  be  the  coefficient  of  friction.  Then 

Fh  -  'Fy  Pd  /h'J 
~  '  W  '  <|H  \Hy 


'."here  c  is  the  grillage  nngle;  or 

T  =— L 
F  2r  coA  .1  • 


The  vertical  component  of  die  gniia  unit 
force  is  T  lin  Tht  resultant  nu,:  ent  lly^ 
of  the  vert  tal  co.npon-  ils  cf  the  gribare 
forces  about  the  renter  of  gravity  is 
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I  T  sin  -  r'  cos  .  *!'■ 


^  -  b^)  „  ., 

-y  j>[j  sin  ,  cos  k,  ■  . . —  H  t  fin  ,•  . 

J  2 


The  total  moment  about  the  center  of 
gravity  is 


M  -  F„ '  *  M.„ 


H  "VW  ^  “VC  • 


With  our  previous  assumption  that  ii’  and  u-* 
may  be  neglected  compated  to  and  we 
obtain 


'  np  n  H  sill  «  cot 


[l  -  tan^.  ^  «cc-;] 


Setting  the  bracketed  term  to  zero  to  find  c  at 
which  the  moment  about  the  center  of  gravity 
is  zero,  we  get 

*  3  -  I  2  h  3  . 

tan"*.'  -  1  “  "T  „****  •►• 

3  H 

t  or  .  n  25  degrees,  K  H  =  33.6/38.6,  and 
n  23.5  dcgri  es. 


DESIGN  OF  THE  GRILLAGE 
5  .euCTURE 

Ou'.er  Radius 

We  assume  that  a  hydrostatic  pressure 
field  of  P5  300  pai  exists  in  the  soil  and  Hut 
the  coefficient  of  friction  between  the  soil  and 
the  grillage  is  f .  The  resistive  friction  force 
per  unit  area  of  the  grillage  is  3fps  and  ihe 
force  per  unit  length  T  is  given  by  (Fig.  8) 


'r.l,.  ^  2fPc>t^-r2> 


Tr  -  fpsfR^-r^). 


From  the  previous  section  we  have  that 


and  lienee 


2  cr-s  /'i  ' 


B2  .  ,2 - IH _ 

2fPs  cos  f< 


We  take  f  =  0.2.  Then  for 


r  -  28.5  aagrees. 


r  =  IS  feet, 


and  the  value  of  i  ^  used  previously,  we  get 


!?  -  43  feet. 


Size  oi  Members  in  the  Grillage 

Consider  the  inner  radius  r  of  the  grillage 
(Fig.  8).  The  required  cross* sectional  area  A 
of  the  radial  members  of  the  grillage  for  one 
foot  cl  circumference  is  given  by 


Here  T  is  force  per  unit  length  of  circumfer¬ 
ence  at  the  inner  radius  and  oy  is  the  yield 
strength  of  the  steel.  For  uy  a  lO’  psi  we 
find 

A  =  ,2.3— 

ft  of  circumference 

So,  for  example,  wc  may  take  rectangular 
cross  sections  of  2-i/A  inches  x  6  inches 
spaced  on  one-foot  centers. 


M 

/X//  I 


Fig.  8  -  Forces  i'l  the  ^.-illage 


VERTICAL  ACCELERATION  OF  TOWER 
DUE  TO  OiCLLAGE  FORCES 

The  net  downward  k'rlliage  force  is 


=  i  f  -  r-*  ';  .  t;i  cor 

T*--8  given  a  v.iTtcikl  acce'e^  UUn  of 

•v  ^  T  ^ 
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ELEMENTARY  THEORY  OF 
SPALUNG* 

Assume  that  a  triangular  pulse  of  maxi¬ 
mum  pressure  and  duration  is  applied 
at  one  end  of  a  rod  (Fig.  S).  It  is  easily  shotvn 
f-om  elementary  rod  theory  that  after  the  pulse 
is  applied,  but  bctorc  it  is  reflected  from  the 
other  end,  stresses  travel  down  the  rod  at  a 
constant  vciccity  t. ,  distiibutcd  linearly  over 
a  distance  n  ,  as  shown  in  Fig.  5(c).  Reflec¬ 
tion  from  a  tree  end  is  shown  in  Fig.  5(d), 
where  the  reflected  •■•ave  has  traveled  a  d‘s- 
tance  <1  back  up  the  rod.  The  stresses  may 
be  obtained  by  "loiding"  a  distance  >1  of  the 
original  pulse  shown  in  Fig.  5(a)  and  subtract¬ 
ing  the  "folded"  portion  from  the  pulse.  The 
result  yields  a  tensile  stress  returning  tc  the 
impacted  end.  By  simple  geometry,  we  have 

2 


or 

-—2 

■ 

^hc<i  .  equals  tile  I'-nsile  strength  of  the  rod, 
a  spall  fbes  off.  This  creates  another  free 
end,  and  Icave.s  a  triangular  compres.sive  pulse 
in  which  the  ratio  rt„  is  the  same  as  in  the 
original  pi. 'se.  if  the  peak  compressive  stress 
in  (he  new  tiu..-?  e-xceeds  the  tensile  strength 
„  ol  the  rod  another  spall  wilt  form,  and  so 
on.  Since  t.he  peak  compressive  strength  is 
diminished  by  upon  the  formation  of  each 
spall,  the  total  number  of  spalls  will  be  the 
integer  part  of  r„  <’„• 


INTERNAL  STRESSES  DUE  TO 
DYNAMIC  AN  )  STATIC 
OVERPRLoSURES 


We  assume  the  tower  is  a  tapered  beam, 
and  compute  the  bending  moment  Mq  about  the 
point  o'  of  Fig.  7.  This  has  been  done  earlier 
in  the  appendix  giving 

'0  ‘‘ii  '  '^v* 

if  On  "  *1"  .'  rn* 


I 


1  ii  /f 

2  ii  ',3 


or 


'Jn  =  19.6  '  10^  II)  ft. 

From  elemental  y  strcn;;.!i  of  materials  theory 
the  bending  stress  is 


where  7.  is  the  section  modulus.  For  the  rein¬ 
forced  concrete  tower  7  -  3000  ft^,  while  for 
tile  steel- walled  tower  7  =  810  ft^.  Hence 


o  r  1150  psi  I  reinforced  concrete), 
o  r  4250  psi  t steel .wsl led). 


We  multiply  by  2  to  account  for  dynamic  effects 
and  superpose  the  hydrostatic  compressive 
stress  of  500  psi.  This  gives 


I'.J.  S.  Rinehart,  "Spatline  and  l.argc  Blasts."  -'mss  "  1000  psi  (reinforced  concrete), 

Froceedmes  of  the  Second  Protective  Con- 
strurlin'i  .Syi;  pi>siuni,  RAND  Corp,,  Santa 
Monte..,  Calif.,  pp.  ill-110.  1959. 


e  0000  psi  f steel .wnl led) . 


REVIEW  OF  BLAST  CLOSURE  SYSTEMS* 

Marvin  *i;*ssnnan  a*-!  Ldward  Cnhen 
Ainmai.n  n  V.'.'iti-  y.  Ntu-  York  City 


Results  are  presented  of  studies  made  Ou  fatctlxi^  ^elf-actin^  ijlasL 
actuated  and  remote  actuated  blast  closure  systems  and  analyses  of 
available  test  data.  Rt  cuntmendaticas  are  made  conceeaa,^  various 
structural  and  mechaijica!  design  parameters.  Existing  designs  arc 
ret  tewed  critically,  [.imitations  of  protection  afforded  by  remote  ac¬ 
tuated  designs  are  presented.  It  is  concluded  that  inaxiiiiutn  system 
reliability  is  obtained  through  the  use  ol  self-acting  blast  actuated 
valves  which  are  not  dependent  upon  external  sensors  and  a.e  suitable 
for  multibursts.  New  valve  concepts  are  developed  .~iiid  discuss‘'d,  vith 
designs  presented  which  have  inherent  advantages  ovet  t  .listing  valves, 
for  high-voliimctric  fhtw capacities  and  for  combustion-type  equipment. 
The  delay  path  eoHcept  is  described. 

An  appropriate  method  is  developed  for  shock  flow  into  plenums  prior 
'  to  valve  elosure.  An  orifice  r.ieihod  ol  analysis  is  developed  fur  flow 
I  into  a  chamber  past  a  valve  which  is  closing.  These  methods  are 
I  checked  against  existing  test  data  and  proven  to  be  conservative  in  all 
I  cases.  Plenum  chambers  are  sized  to  limit  pressure  build-up  to  2  psi 
.  using  the  approximate  method,  for  ail  existing  valves  studied.  Recom- 
j  inendatiotis  are  made  for  improvement  in  valve  design  and  installation. 


IKl  OUUCTION 
General 

Protection  of  the  interior  of  structures 
from  the  air  blast  overpressure  effects  of 
nuclear  blasts  may  be  accumpliuied  by  using 
uillicr  .'emote  actuated  valves  with  flash, 
pressure,  thermal  or  gamma  radiation,  or 
other  sensors  or  by  using  self-acting  blast 
actuated  valves.  Where  large  volumes  of  air 
must  be  handled  during  normal  operation, 
positive  closures  arc  needed  which  under 
normal  operating  coiaiiiions  do  not  unduly 
obstruct  the  air  passage.  These  'AstnicUons 
woutil  increaM  pressure  losses  In  the  system, 
thereby  increasln,T  the  ventilation  power  re¬ 
quirements.  Two  of  the  additional  factors  that 
must  be  considerod  before  the  selection  of  a 
given  type,  remote  or  seif-actuated,  are  de¬ 
scribed  below. 


Reaction  or  Closing  Time 

Remote  actuated  valves  are  dependent 
upon  external  sensing  devices.  This  elimi¬ 
nates  certain  problems  but  creates  others. 

One  of  these  considerations  is  arrival  time. 

It  can  be  sent  from  Fig.  !  tliat  a  oIubui  e  lime 
of  about  200  msec  is  acceptable  for  a  hardness 
of  300  psi  for  a  1-megaton  burst  b<tt  not  for 
smaller  weapons.  Thus,  an  overall  design 
criteria  based  on  a  20-megaton  weapon  or 
greater  may  be  conservatl’ve  for  structural 
design,  shuck  mounting,  etc.,  and  still  be  in- 
for  closure  design,  since  the  arrival 
time  for  a  0vcn  prossure  level  for  smaller 
weapons  is  much  shorter  than  for  larger 


An  Idealized  preesure-time  curve  of  a 
nuelenr  detonation  la  gt’.er.  .:r  Fig.  9  illus¬ 
trating  an  ideal  zero  rise  tlr'c,  tiiv  a;:cay  of 


vTI.'ii  paper  if  based  in  large  measure  on  studies  and  reports  pr>p<'vced  b-y  nn  and  Wliitney, 

Co.'isiilting  Engineers,  lor  the  RAND  Corp.,  Contra..  No.  59-K';  Mjaler  Sa'"  Cn..  Ham. lion, 
Ohio,  under  contract  with  the  Office  of  Chief  of  Engineers,  U.S.  Army,  Contract  No.  D.\-49  129- 
Cng-434;  and  the  U.S.  Air  h  o-ce  ballistic  Missile  Division  (ARDC),  Inglewood,  Cialifornia, 
,4I-'PMn  Contract  No,  A  v'04  (f,47)-276  Suppl.  1. 


233 


Fig.  1  -  Blaat  wave  arrival  time  (surface  detonation) 


positive  pressure  to  zero  and  the  negative 
phase  which  foliows.  It  is  seen  that  the  pos¬ 
itive  phase  duration  is  short  compared  to  the 
negative  phase.  However,  the  negative  phase 
pressures  are  small,  the  ma.ximuni  pressure 
in  Ihii!  phase  being  3.i  psig  [2|.  Duration  of 
positive  phase  ve.  peak  incident  overpressure 
for  variiAis  weapon  sizes  is  shown  in  Fig.  3, 
and  duration  of  negative  phase  in  Fig.  4. 

A  ;)ressure  sensing  device  cannot  be 
placed  too  distant  trom  a  structur;  or  a 
nuclear  detonation  between  it  and  the  struc¬ 
ture  will  reach  the  protected  .irea  before  the 
signal  tf/  close  is  received  at  the  valver 
Peak  incident  pressure  vs.  distance  for  air 
bursts  and  for  ground  hursts  with  dUlerent 
size  weapons  is  depicted  by  Fig.  S.  Using  a 
pressure  sensor  situated  a  short  dista'xo 


away  from  a  structure,  for  a  1-KT  burst  at 
the  300-pcig  level,  the  device  would  be  about 
200  feet  from  ground  zero.  The  arrival  time 
is  very  short,  less  than  100  msec,  as  seen 
from  Fig.  1  and  closure  time  of  the  valve 
plus  electrical  delay  tl.ne  must  be  compar¬ 
able  to  protect  the  structure.  For  small 
weapons,  the  delay  time  between  sensor  and 
valve  would  be  approaching  or  greater  than 
UK  arrival  time  as  shown  in  Fig.  1  and  the 
pressure  sensor  in  the  above  example  would 
not  protect  Uie  struciure.  There  is  no  point 
in  using  pressure  sensors  if  liie  closing  time 
is  too  long.  For  instance,  at  20^3  i  with  a 
1-MT  weapon,  the  arrival  time  300 

msec.  At  this  pressure  level  the  .  '-rival  time 
for  a  20-KT  weapon  if-  less  than  100  nsec. 
Therefor-.,  remote  valves  for  which  closing 
time  IS  100  msec  would  be  satisfactory  for 
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.  * 


Fig.  Z  Idea.iscu  pressure-ume  curve 


Fig.  3  •  OurMkiun  of  povitive  phase  for  ground  burst 


the  megaton  weapon,  but  unaatiafactory  for  the 
kiloton  weapon. 

Pressure  senaurs,  spaced  radially  around 
an  area  te  he  protected,  would  receive  the 
blast  simultaneoualy  with  the  atructure  for  an 
overhead  burjt  and  consequently  offer  no 
protection  unless  a  lung  tunnel  or  shaft  inter- 
veitas  between  the  entrance  and  the  blast 
t  .o’vea.  A  sufficiently  long  path  must  be  pro- 
.  i>tl  Also  for  pressure  senaors  placed  at 
iiiiiation  Inlets  before  the  valve  to  assure 
cluburc  tiefore  ulast  wave  arrival  at  the  valvto 

Remote  actuated  valves  present  problemu 
of  picti  .tion  against  muitibursts  and  'button 
up"  time  for  combustion-type  equip.nent  in¬ 
stalled  wiiiiin  the  structure.  In  addition  to 
problems  of  iiardenability  and  suitability  for 
raultiburs!  operation,  it  is  often  neccssar'  for 
sensors  to  initiate  reopening  of  the  valves  as 
soon  as  dangerous  pressures  have  subsided. 
Again,  allowable  'button  up"  time,  dependent 
upon  dissipation  of  heat  Ic^s  and  fresh  ~ar 


requirements  tor  the  particular  installation, 
must  be  considered  before  final  design.  Time 
delay  caused  by  electrical  and  mechanical 
control  equipment  would  add  to  this  problem, 
if  'button  up"  time  is  critical. 

Self-acting  blast  actuated  val  VC3  uVcT 
come  some  of  the  disadvantages  described 
previously  and  present  other  factors  to  be 
considered.  Since  the  valves  arc  closed  by 
pressure,  they  are  not  dependent  upon  sensing 
devices  for  operation  They  can  be  automati¬ 
cally  reopen^  after  passage  of  the  positive 
phase,  or  latched  closed  during  the  negative 
plat’?  if  this  is  required.  Blast  actuated 
valves  are  suitable  for  multibursts,  and  will 
keep  'button  up"  time  to  a  minim'im  if  not 
latched.  Of  course,  since  blast  sctua>ed  valve 
are  closed  by  the  blast,  ther"  is  ui  ..;.'.crcnt 
leakage  problem  to  be  considered  d..  "  the 
finite  closing  time.  (This  may  be  c.  ■  "come 
by  adding  a  delay  path  t '  the  air  intiik,..; 
Although  ti.,8  is  in  the  order  of  milliseconds 
for  most  valves,  sufficient  flow  to  cause 


Fig.  4  •  I>jration  of  negative  phase  for  ground  burst 


damage  may  pass  the  port  openings  fui  cer¬ 
tain  valve  designs.  Inching  during  the  neg¬ 
ative  phase  is  necessary  only  .f  peak  negative 
pressures  cannot  be  tolerated  wuhin  by  the 
equipment.  Peak  negative  pressure  vs.  di.s- 
tance  from  ground  zero  for  various  size  sur¬ 
face  bursts  is  given  in  Fig.  6.  Peak  negative 
pressure  that  can  be  produced  is  approxi¬ 
mately  3. 1  psig.  Effectivenesr.  of  closing  at 
both  high  and  low  pressure  rattges  must  there¬ 
fore  be  checked  for  blast  actuated  vab'e' 

The  ideal  characteristics  of  a  self-acting 
blast  actuated  closure  device  arc  follows; 

1.  InstLin*-»neoii*  closure  or  no  leakage 
during  closure. 

2.  No  rebound. 

3.  No  leakage  after  closing. 

4.  Equal  efficiency  for  all  incident 
overpressures. 

5.  Complete  operational  reliability. 

4  Complete  structural  reliability. 

7.  Minimum  of  moving  parts. 

8.  Multiple  shjt  capability. 

9.  Double  action  where  necessary 
(negative  phase  latching). 

I . '  Minimum  volume  and  easy  installa- 

iiuu. 

II.  Long  life,  easy  maintenance,  and 
easy  replscement. 

12.  Suitability  for  large  range  of  normal 
flow  with  low  head  loss. 

13.  Low  cost. 

Although  tnetawtaneoue  closure  is  not 
phystcally  possible,  the  xduni  closing  time 
can  reduced  eufflclenlly  to  obtain  complete 
prote^nion.  Thle  may  be  done  by  use  of  a  time 
delay  path  la  conjunction  with  a  valve  as  de- 
arrifaed  later  la  the  aectloa  on  Proposed  New 
Oeetpta,  by  increasing  the  actlratii«  over- 
preeaure  forca  to  moving  masa  ratio,  da- 
ersaalng  tba  langth  of  travel,  permitting  no 
deceleratton  during  rloeure  uid  other  meth¬ 
ods.  For  a  given  valvu  the  leakage  piwesure 
may  be  coatroUed  by  proper  eelwction  of 
plenum  else.  Rebouad  may  be  coolroiled  by 


dash-pot  energy  dissipation  after  closing. 
Leakage  alter  closing  may  be  eliminated  by 
over.''.o8ure  and  sealing. 


Air  Volume  and  Heat 
Load  considerations 

loutside  air  requirements  for  a  facility 
powerhouse  would  consist  of  combustion  air 
for  the  prime  uiOVi  I'Bf  and  ventilation  air  for 
carrying  heat  away  irom  mechanica'  iind  elec¬ 
trical  equipment  and  for  personnel  rer,uire- 
mems.  Similarly,  exhaust  'ioiii  the  pii-wcr  - 
house  would  consist  of  exhaust  gases  irom 
combubiion  equipment,  such  as  diesel  engiries, 
and  ventilation  exhaust.  If  operation  of  t.'ie 
diesel-engine  generators  must  be  maintained 
during  a  nuclear  attack,  a  critical  heat  prob¬ 
lem  may  exist  within  the  facility.  This  is 
dependent  upon  the  m.i  volume  of  the  facility, 
heat  load  input  from  the  prlr'c  movers  otui 
length  of  tine  for  complete  "button  up."  fn 
many  installations  this  problem  may  be  elim¬ 
inated  by  cutting  off  the  fuel  supply  simultane¬ 
ously  with  closure,  if  a  powerhouse  is 
considered  to  be  completely  "buttoned  up” 
during  a  nuclear  blast  by  usmg  remote  actu¬ 
ated  blast  valves  and  operation  must  be  con¬ 
tinuous,  the  diesel  engine  combustion  air 
would  be  taken  from  within  the  powerhouse. 
Also,  the  diaael-englne  exhaust  gases  and 
other  heat  lourcea  would  have  to  be  discharged 
to  the  interior  of  the  powerbouae  shelter.  The 
heat  loads  from  the  diesel  engine  and  other 
sources  all  tend  to  increaae  b(  'h  temperature 
ant  preasure  of  the  cooiined  air  at  the  power- 
houee.  Therefore,  temperaiiua  and  pressure 
limitations  of  equipment  within  the  "buttoned 
up"  structure  muct  be  evaluated  to  ascertain 
reliability  of  operation  during  attack. 

f  rom  ttie  grapha  preeerted  it  le  seen 
that  remute  actuated  i^ves  with  an  activator 
eensillve  to  tberoici  ur  gamma  raoiaiion  at 
tiie  2-i,big  incide'it  pr«s.vure  range  from  a  20- 
megatim  weapon,  would  cloae  50  eeconda  be¬ 
fore  arrival  of  preaeure  and  remain  cloeed 
approntmaiely  12  aeconda  during  the  poeitive 
phaee  for  a  liulluii  up"  time  of  02  ueconda, 
minimum.  The  "button  up"  time  ie  Inereaeed 
by  about  45  •ermida  if  the  negative  phase 
duration  is  added,  and  total  "button  up"  time 
would  bo  1C"  aeconde  in  this  cue.  Blast 
actuated  valvea,  by  eli.i,jui<'.i(  uie  arrival 
time  portion  of  "button  up."  emaln  ulused 
only  during  the  12  secotid  vitive  phase  ot 
the  wave,  11  not  latched  ■  ur  nog  .'.:ve 
phase  protactior,. 
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DESCRIPTION  OF  EXISTING 
BLAST  VALVES  STUDIED 

General 

Various  blast  valves  have  been  developed 
during  the  past  ten  years.  These  closures 
arc  ol  two  types,  self-acting  blast  actuated 
and  remote  actuated. 

Fur  present  self-acting  blast  actuate- 
val  uesigns,  closing  time  under  blast  condi¬ 
tions  and  the  size  of  orifice  will  dete’-mlne 
the  volume  oi  .lie  exH^uislon  or  pler.um  cham¬ 
ber  behind  the  valve  which  la  necesnary  to 
limit  the  pressure  rise  to  any  specified  max¬ 
imum  value.  The  closing  time  lor  a  poppet 
valve  depends  or  the  area  aral  stiape  of  the 
disk,  the  magnitude  and  diulributiun  uf  pies- 
aurea  acting  on  the  disk,  the  mass  of  moving 
parts,  disk  travel  distance,  and  restraining 
or  friction  forces.  Changes  made  with  the 
objective  of  decreasing  closing  time  may  ad¬ 
versely  affect  the  strength  of  the  valve  or 
resistance  to  normal  air  flow.  A  short  do-',  g 
time  must  be  obtained  by  making  the  valve 
disk  mass  and  disk  ir.avel  as  small  as  possi¬ 
ble  consistent  with  the  low-pressure  drop 
requii  od  under  normal  ventilating  conditions. 

Ill  adult !on  to  providing  protection  against  the 
positive  pha.so  pressures,  the  valves  shoulc 
be  lalchcd  or  double-acting  for  profection 
agam«t  negative  phase  pressures  where  the 
installation  is  subject  to  damage  from  this 
eft.  ■'  Althoui^  field  tests  of  blast  valves 
arc  described  below,  the  reader  is  warned 
that  caution  should  be  ueed  In  the  interpreting 
the  effectiveness  of  valves  from  teat  results 
unless  exterior  pressure-time  curves  are 
available.  The  relationship  between  the  in¬ 
terior  and  exterior  peak  pressures  obtained 
from  fitld  tests  on  these  vaives  may  he  mis¬ 
leading  where  the  blast  wave  was  nonideal. 

It.  Icbts  ahrro  this  was  the  case,  the  valve 
may  liavc  closed  lung  befoie  arr.val  uf  the 
peak  pressure  and  at  a  pressure  which  was 
only  a  fraction  of  the  peak. 


E4  IMl)  Valvs 

In  1850,  at  ths  U.  8.  Army  Chemical  War¬ 
fare  Laboratories,  dcvalopmant  worit  in  coa- 
nscliiin  with  Iho  Inatnim' iitation  of  a  CBR 
slwllcr  for  the  Corpe  ol  Engineers  at  "Optra- 
tion  Greenhouse"  |  Ml  was  initialed  to  develop 
a  device  which  could  protect  the  filter  from 
blast  cffecle  The  device  was  leslgnalsd  the 
El  ’  I’lve  (later  MI)  as  shown  in  Fig.  7.  At  ths 
normal  air-flow  rate  of  300  cfm  a  light  plats 
sustained  by  a  spring  permuted  ths  air  Mow 


to  pass  aroun'  the  plate  and  through  the  per¬ 
forations  Id  the  bed-plate.  Under  pressure, 
tlie  ii  ht  plate  scats  on  the  beU-plafe,  sealing 
off  the  system  to  further  flow.  The  E4  is 
equipped  with  flanges  for  interconnection  with 
standard  pipe  (6-inch  blast  side,  S-iiK:-.  pro¬ 
tected  side).  This  valve  was  successfully 
tested  at  "Operation  Greenhouse"  :ind  was,  one 
of  the  earliest  developments  in  this  field. 
Following  "Operation  Greenhouse,"  work  on 
antibiast  closure  devices  was  discontinued  by 
the  Chemical  Warfare  Laboratory.  Soon  after, 
the  Office  of  the  Chief  of  Engineers  initiated 
a  development  program  to  assess  the  relative 
merit  of  other  types  of  pressure  reducing 
mechanisms  such  as  rock  grilles,  mufflers, 
baffles,  pipe  tee.',  etc.  These  projected  blast 
dampening  mechanisms  were  partially  evalu- 
oled  on  the  sh  >clc  tube  at  iVbcrdcen  Proving 
Ground  and  field  tested  at  the  Nevada  Proving 
Ground  in  "Operation  Upshot  Kr.othole."  It 
was  concluded  th.xt  a  quick  -  ,ing  closu-e 
valve  wtrild  provide  the  best  blast  protection 
for  a  ventilation  system.  The  data  associated 
with  the  E4  valve  is  shewn  in  Table  1.  Late 
in  1954,  the  -  'vertical  Corps  was  requested  to 
equip  two  protniytj  Civil  Defense  Shelters  in 
"Operation  Teapot"  [iBj.  The  subsequent  de¬ 
velopment  work  prepared  one  shelter  as  a 
nuiunechanically  ventilated  and  a  second  as  a 
mechanically  ventilated  type.  These  shelters 
were  evaluated  at  Nevada  Proving  Ground  In 
early  1B5S.  In  the  nonmechanically  ventilated 
shelter  protected  by  twm  R4  valves,  which  was 
subjected  to  a  peak  overpressure  of  47  psi, 
pressure  gauges  both  ahead  of  the  filter  sys¬ 
tem  and  in  the  shelter  proper  showed  zero 
pressure  readings.  The  E4  valves  performed 
well  in  the  mechanically  ventilated  shelter, 
which  was  subjected  to  a  higher  peak  over¬ 
pressure,  in  preventing  damage  to  the  blower 
motor,  filter,  elbow  and  air  register,  and  the 
anti-back  draft  valves.  Tho  jieak  incident 
pressure  in  this  case  was  sz  psi.  Pressure 
rise  in  the  slielter  was  again  negligible.  Tlie 
valve  disks  in  buili  ui  the  shots  as  shown  in 
Fig.  8,  accelerated  under  precuraore  of  ap- 
pi'cximatrly  20  to  25  pel  and  were  In  the 
closed  poslliuo  before  arrival  of  the  re^>ec- 
tWe  peak  overpresaurwg. 


F19R1  Valve 

In  1856,  development  lU  the  EiW  valve 
(8|  was  initiated  by  the  .emical  Corps  on 
the  request  of  the  Eiurn'dii  •  Yards  and  Docks, 
the  objective  being  ar.  ^  :  (itast  having 

t  rated  flr-.v  of  600  dm  ir  use  with  pres- 
urlzed  types  of  CDK  ehclli  re.  This  valve  is 
shown  In  Figs.  8(a>  and  8(b).  Additional  design 
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TABLE  1 

Blast  Valve  E4  (Now  Mlj 


(a)  Design  Criteria  aiui  Physical  Data 


Nominal  Size: 

6  inches 

Max  Side-On 

(a)  Overall  Dimensions 

Blast  Pressure: 

100  psi 

Valve  Body: 

• 

16-  !./4  inch  x 
16-1/4  inch  x 

Rated  Air  Flow: 

300  tfm 

17-1/16  i>. , ' 

(b)  ight  -  330  pounds 

Pressure  Drop  at 
Rated  Flow: 

1  inch  w.g. 

(c)  Material  -  Cast 

Steel 

Inlet  Area: 

29.9  square  inches 

Open  Area 

Disk: 

(a)  Diameter  10-5/8 

Through  Valve. 

26.8  square  Inches 

inches 

(b)  Travel  -  1  inch 

Ratio 

Valve/Connection: 

0.90 

(c)  Material  - 
Aluminum 

Seat  Op*  ning: 

16  ho:.  3,  1-1/4  inch 

diameter 

Weight  of  Moving 

6  holes,  1  inch 

Parts: 

1  pound 

diameter 

Seat  Gasket 

Protected  Side 

Matcri.'il; 

Syninettc  Rubber 

Duct  Area: 

20  square  inches  | 

(h)  Field  Tests.  Summary  at  Recorded  Data 


Incident 

Mounting 

Position 

Protected 

Max  Pressure 

Test* 

Pressure 

Chamber 

in  Chamber 

(psig) 

(cu  ft) 

(pslg) 

i  Crccrdvousc 

530  (Av) 

Vertical 

9 

12.6 

52.0  (Av) 

Vertical 

9 

8.48 

14.29  (Av) 

Vertical 

9 

2.45 

Upst.ot- 

Knothole 

20.3  (Max) 

Vertical 

87 

0.3 

Teaput 

47  (Max) 

Vertical 

1900  (2  valves) 

Negligible 

92  (Max) 

Vertical 

2000  (4  valves) 

Negligible 

'Date  anJ  Location  ol  T>'sl>  - 
i»)  1901  0>;craiii^it  Grfeiihouae  -  Eniwetok 
(C)  19S3  Cperacton  •.•iivhoc  Knoiholt.  •  Nt^vaua 

(3)  1955  Oparation  Tespol  -  Nevada 


requirements  o(  the  Bureau  uf  Yards  and 
Ducks  weie  as  tollows: 

1 .  Mode  of  Actuation  •  Blast  actuated 

2.  Method  u{  licopenliiK  Followi  .ig  the 
Bias*  -  Manual 

3.  Dcsipi  Overpressure  -  SO  pat 


4.  Rated  ^Tow  of  600  ctm  -  Less  than 
one  (1)  inch  w.g. 

Siiock  tube  teste  werr  coiu  icied  on  the  E18  by 
BRLat  Aberdeen  Proving  '  .-ound.aiid  a  single 
prototype  was  evaluatcti  ui.  sr  field  conditions 
in  "Operation  Ptumbbol'. "  t>ie  dat.  associ¬ 
ated  with  the  ri9  valve  le  s  .iwn  ia  Taole  2. 


V, 


(i)  HO‘. sing 

(i)  Ini.  I  j-’xpe  NippU* 

(3)  Assembly  Mounting  bulfs 

'4)  A  ssembly  Mo’  ».iing  Gaskel  * 

(5^  Closure  A'  senibly 

t6)  Louver  Doer 

(7)  Louver  Doc.  Hinges 

Rated  Capacity  •  600  dm 

Resistance  at  Rated  Capacity  •  0.4 
inch  w  g. 

Over-All  Weight  •  130  pounds 

Inlet  Pipe  Conn  ction  -  8  -incr 
Star^lard  Pipe 

Plite  Travel  to  Close  -  30*^,  4-inch 
Radius 

Oe signed  /or  50  psi 

Approximate  Weight  of  Each  Louver 
Door  -  0.8  pound 


CLoagp 

UTCM.  Kwm  P9mym 

urr  MMiMir  re  wen  n 


III 


.-•ss 


TWO  louvea  oacii-<(M: 

SIM  \ 

CUAf  ONte  POtITttM  ' 

(•Util  W  h|  M«  IMM 

TMJt  mmmiaujt  ‘o 

M 

Kig.  9  -  tlVKl  valve 

TABLE  2 
Blast  Valve  E12R1 

(E19  Valve,  Predecessor  io  E19R1,  with  '0-Legrec-  Door  Cpening) 


(a)  Design  Criteria  and  Physical  Data 


8  inches 

1  Seat  Gasket 

^  Material: 

Neoprene  Spcr.gc 

(a)  Overall  Dimensions 

i 

Rubber 

21-1/4  inc*  V 

1 

18-5/8  inen  x 

Max  Side-On 

17-  3/4  inch 

Blast  Pressure: 

SO  psi 

(b)  Weiglii  -  130  pounds 

Rated  Air  Flow: 

eco  cfm 

(c)  Material  -  Steel 

Pressure  Drop  at 

Rated  Flow: 

0.4  inch  w.g. 

(a)  Size  -  2,  4  inch  x 

lS-1/2  inch  doors 

Inlet  Area: 

S0.6  square  inches 

at  30  degrees 

(b)  Travel  -  2  inches 

Open  Area 

Throu^  Valve: 

45.3  SHoare  inches 

plus 

(c)  Material  - 

Ratio 

VaIve/Con"ectinn: 

0.9 

Alumlhum* 

Seat  Opening: 

9C.6  inches 

1  pound  per  door 

Protected  Side 

approx* 

Duct  Area: 

unrestricted 

Nominal  Size: 
Valve  W/Housing: 


Louver  Doors: 


Weight  of  Moving 
Parts; 


ib)  Field  Teat,  Summary  of  Test  Data  Reported 


Peak 

Licideat 

Pressure 

vpaig) 

Mountii« 

Position 

Protvcted 
Chamber 
(cu  R) 

Cloture 

Tima 

(msec) 

<4 

Horizootnl; 

5  feet  below 
grade;  fed 
by  8- inch 
ateel  pipe 
and  lee 
inlet 

194 

Max  Pressure 
in  Chamber 
(psi) 


Piumbbob 


0.32 


•U«l«  and  location  of  -  Juno  19  S7,  Priiciila  Shot  (Operation  Humbbob),  Nevada  Proving  Ground*. 


OCDM  Valves 

Tha  valves  shown  in  Fig.  10  were  designed 
and  ctsutructed  by  Arthur  D  Little,  Inc.,  un¬ 
der  contract  with  CMfics  ui  Delense  and  Civil¬ 
ian  Mobilization  and  fabricated  in  12-,  16-, 
and  24-iuch  nominal  sizes.  Data  for  th'se 
■.■alves  are  given  in  Tables  3,  4,  5,  and  0. 

Adaptation  of  the  OCDM  valve  for  remote 
operation  has  been  made  by  attachl''g  a 
remote-oparated  pneumatc  c?,it>ider  (or 


closing  the  valve  prior  to  arrival  of  the  blast. 
Closing  may  bs  accomplished  by  using  a 
ptaotosleztric  relay  exposed  to  the  fireball  or 
other  aspsing  device  (or  triggering  an  air 
cylinder.  The  air  cybrfcv  iv  designed  to  hold 
the  vales  closed  against  s  rogatlve  pressure 
a<  5  psI.  One  16-^nch  CiC’  />!  valve  wan  sup¬ 
plied  (or  tasting  with  a  ;'i<r.  -  u  clos'nq;  cylinder 
and  a  photoe.'ectric  »er.m.  Operation  Plumb- 
h.b,  and  wan  ':>rlzantaUy  r^>>unted  on  the  test 
( ell  wall  at  the  7.9-palg  range  attached  to  a 
pipe  expanalon  chamber  which  waa  not  vented 
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Fig.  iO  •  OCDM  valve  assembly 


TABLE  3 

Particulars  o{  OCDM  Valves 


1  Nominal 
Size 
'  (irrh) 

1 _ 

Rated 

Air  Flow 
(elm) 

Maximum 
Pressure  Drop 
(in  water) 

Maximum  Side-On 
Blast  Pressure 

(psi) 

12 

600 

1 

100 

16 

1200 

1 

so 

24 

2500 

1 

50 

I.)  ihe  cell  interior.  This  \alvv'  started  to 
close  about  90  msec  alter  the  detonation  and 
was  tuUy  closed  In  MO  msec.  The  pressure 
wave  reached  liiis  valve  approximately  180 
msec  alter  the  ’'alve  had  closed.  Since  the 
valve  was  successlully  cloeeo  belore  blast 
arrival,  there  was  no  pressure  rise  in  the 
chamber  protected  by  this  valve. 


OCE  Valve 

The  OCE  blast  actuated  valve  shown  ui 
Fiv.  11  is  essentially  the  same  as  the  OCE 
remote  actualvd  poppet,  but  without  the  re¬ 
mote  devtces  and  compression  spring  release 
lor  closing  uisier  er.iergencv  conditions 


Valve  travc’  and  basic  valve  parameters  are 
identical.  It  is  rated  by  the  designers  lor 
5000-cfm  capacity  with  approximately  1-inch 
w.g.  pressure  drop,  and  may  be  used  lor  in¬ 
take  or  exliaust  service.  Aiihougii  the  valve 
has  not  been  Held  tested  it  was  briefly  s«b- 
jerted  to  shuck  tube  testr  at  the  BRL  Shock 
Tube  Facility.  Additional  valve  data  are  pre¬ 
sented  in  Table  7. 

The  OCE  reuiote  actuated  poppe’  sh.<.yn 
in  Fig.  12,  was  developed  bi  iho  Co) ■  ol  En¬ 
gineers  St  apprcKlmately  the  sam'  c  as 
the  blast  actuated  version  and  ha.<  b<-ci  <,i. 
eluded  In  n  nerous  iniit..ilatlons.  The  valve 
Is  closed  by  the  seating  of  a  16-inch  diameter 
disk  traveling  through  a  distance  of  4  Inches. 
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TABLE  4 

OCOM  12-Inch  Blast  Valve 


(a)  Oeaifcn  Criteria  aiid  Physical  Data 


Nominal  Size: 

12  inches 

Max  Side -On 

Blast  Pressure: 

100  psi 

Valve  Body: 

(a)  Diameter  - 

20.5  inches 

Rated  Air  Flow: 

COO  cim 

(b)  Weight  -  bOO  pounas 

Max  Pressure  Drop 

2t  Rated  Flow 

(c)  Material  - 

(Test;: 

0.66  inch  w.g. 

Duci.le  Iron 

Inlet  Area: 

5b  square  inches 

Di.-lc: 

(a)  Diameter  - 

13  inches 

Open  Area 

Through  Valve: 

65  square  inches 

(b)  Travel  -  1.5  inches 

Ratio 

(c)  Material  - 

Valve/Connection: 

1.18 

Aluminum 

Diameter  at  Seat 

Weight  of  Moving 

Opening: 

iO.S  inches 

Parts: 

23  pounds 

Protected  Siiie 

Seat  Material: 

Ductile  Irr.n 

Duct  Area: 

113  oquare  inches 

(b)  Field  Test,  liuminary  of  Reported  Data  (Operation  Plumbbob)* 


StaLion 

Peak 

Incident 

Pressure 

(psig) 

Mounting 

Position 

Protected 
Chamber 
(cu  ft) 

Closing 

Time 

(msec) 

Peak 
Pressure 
in  Chamber 
(psi8) 

Ff  a0OT.O4 

8 

Vertical 

274 

23 

2.7 

*Dal«  1957.  Liicalion  -  Nevada  Proving  Ground*. 


TABLE  5 

OCDM  16-Inch  Blast  Valve 
(a)  IX. sign  Criteria  and  Physical  Data 


1 - 

i  Noroinai  Size: 

16  inches 

Max  SIde-On 

Valve  Body: 

(a)  Diameter  - 

Blast  Pressure: 

SOpst 

23.5  inches 

Rated  Air  Flow: 

1200  cfm 

(b)  Weight  -  7eOpounds 

(c)  Material  - 

Max  Pressure  Drop 
at  Rated  Flow 
(Test): 

0.8  inch  w  .e. 

Olak: 

1 

1 

Ductile  Iron 

(a)  Diameter  - 

16  inches 

(b)  Travel  -  2.38  Inches 

(c)  Material  - 

Inlst  Area: 

Open  Area 

Through  Valve; 

Ratio 

Valve/CosnecUou: 

114  square  Inches 

12.  .%re  inches 

1.07 

Weight  of  Moving 

Aiiininum 

Diameter  M  Seat 
evening; 

15.8  iiv..:as 

Parts: 

31  pounds 

Pi  utected  Side 

Seat  MsUrial: 

Ductile  I'-on 

Duct  Area: 

182  square  inches 

247 


TABLE  5-CONTINUED 


(b)  Field  Test,  Summary  of  ReporieU  Data  (Operation  Plurnbbob)* 


Station 

No. 

Peak 

Incident 

Pressure 

(psig) 

Mounting 

Position 

Protected 
Chamber 
(cu  ft) 

- ! 

Clcsing 

Tiii'.e 

(msec) 

Peak 
Pressure 
in  Chamber 
(psig) 

FF  8007,02 

63 

Vertical 

1 

31 

4.6 

FF  8007.05 

8 

1 

Vertical 

274 

35 

4.4 

"^Date  -  1957.  Location  -  Nevada  Proving  Grounds. 


TABLE  6 

OCOM  24-Inch  Blast  Valve 


(a)  Design  Criteria  and  Physical  Data 


24  inches 


I  Nominal  Size' 
j  Valve  Body 


I 

I 

I  Disk: 


V'elght  of  Moving 
Parts 

Seat  Material: 


(a)  Diameter  - 

32  inches 

(b)  Weight  - 

1620  pounds 

(c)  Material  - 

Ductile  iron 

(a)  Diameter  • 

22  incites 

(b)  Travel  -  3.63  inches 

(c)  Material  • 

Aluminum 


91  pounds 
Ductile  Iron 


Max  Side-On 
Blast  Pressure: 

Hated  Air  Flow: 

Max  Pressure  Drop 
at  Rated  Flow 
(Test): 

Inlet  Area: 

Open  Area 
Through  Valve 

Ratio 

Valve/Connection: 

Diameter  of  Seat 
Opening: 

Protected  Side 
Duct  Area: 


SO  psi 
dm 

1.13  inches  w.g. 
228  square  inches 

264  square  Inches 

1.16 

20  inches 

424  square  inches 


(b)  Field  Test,  Summary  of  Reported  Data  (Operation  Plumbbob)*' 


Station  1 

No. 

Peak 

1  Incident 
Pressure 
(psig) 

Mounting 

^sttlon 

Protected 
Chamber 
(cu  ft) 

1 

Closing  j 
Time 
(msec)  1 

Peak 
Pressure 
in  Chamber 
(psig) 

IF  6007.03 

63 

Vertical 

274 

58 

16.9 

FF  8007.06 

8 

Vertical 

274 

53 

LO 

Location  •  Nevada  Proving  Grounds. 
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TABLE  7 

OCE  Blast  Actuated  Valve 


(a)  Design  Criteria  and  Pliyuical  Data 


Nominal  Size: 

16  inches 

Mat  Side-On 

Valve  Body: 

'a)  Diameter  - 

Blast  Pressure: 

Rated  Air  Flow: 

5000  cfm 

16- Inch  nominal 

(b)  Weight  - 

Max  Pressure  Drop 
at  Rated  Flow 

1 

(c)  Material  •  Steel 

(Stated): 

1  inch  w.g. 

!  DISK: 

(a)  Diameter  - 

iRiet  Area: 

191.6  square  inches 

1 

16  inches 

Open  Area 

'b)  Travel  -  4  inches 

Through  ’’alve: 

147.5  square  inches 

(c>  Material  - 
Aluminum 

Ratio 

Valw/Conncct  iun: 

0.7? 

Weight  of  Moving 

Diameter  of  Seat 

32  pounds 

Opening: 

Is  .itches 

Parts; 

P  ’fRerted  S‘d  ■ 

Seat  Material; 

Steel 

Duct  Area: 

18a  square  inches 

(b)  Field  Test!  None. 
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Sever.ll  'Tives  in  battery  may  be  used  to 
protect  large  interior  volumes,  as  siiown  in 
Fig.  12(b).  Triggering  of  the  \^ves  to  initiate 
closing  is  accomplished  by  explosive  c^sules 
fired  from  a  remote  nuclear  attack  detection 
control  station.  The  impulse  of  the  charge 
provides  sufficient  torque  to  rotate  the  cam¬ 
shaft,  thereby  tripping  the  locking  mechanism 
which  maintains  the  valves  in  their  optni  posi¬ 
tions.  This  actioii  simultaneously  reU 
the  •'O'^pression  of  the  closure  springs,  seat¬ 
ing  the  valve  disks.  A  test  performe>1  by  the 
manufacture!  'otermired  closing  r'me  of  the 
remote  actuated  valve  to  be  20  msec.  Hand 
operation  may  be  accomplished  through  re¬ 
duction  geai'  for  opening  and  closing. 


Bureau  of  Yards  and  Docks  -  AMF  Valve 

As  a  result  of  a  feasibility  study  conducted 
for  the  Bureau  of  Yards  and  Docks  fs],  tiie 
American  Machine  and  Foundry  Co.  lias  devel¬ 
oped  k  'emote  actuated  cloeure  device,  Fig. 

13,  triggered  by  the  flash  of  the  nucle.i.-  lict  - 
nation.  Valves  are  rated  troin  22C0  to  30,000 
elm,  with  these  sizes  varying  from  1  foot  to 
4  feet  in  diameter,  b'pu^  being  triggered,  the 
electronic  circuitry  fires  sp  explosive  c.harge. 
This,  in  turn,  actuates  a  p4eumatic  cylinder 
which  aifeos  closing  by  pulling  the  head  tight 
agonist  a  gasketed  seat  for  sealing  against 
positive  and  negative  phases  of  the  blast. 

VaH  -  .  losure  times  arc  given  as  500  msec, 
with  epeoiug  times  la  the  order  of  3  to  5  mil¬ 
liseconds.  There  Is  an  automatic  cycling  de¬ 
vice  which  is  deeignod  to  permit  three  cycles 
oi  uie  closure  system  in  the  event  of  a  multi¬ 
weapon  attack.  The  closures  were  designed 
specifically  for  Installatloo  in  unmanned 
shelters. 


was  shock  lube  tested  at  the  DH.L  Shock  Tube 
Facib  V  ir  1959  [12,13].  Additional  data  for 
this  vaove  are  given  in  Table  8. 


Jam  and  Pl^  Valve 

The  princip.ii  desijn  clmracteri  sties  of 
'Jie  Swedish  blast  valve  design  are  illustrated 
in  Fig.  15.  These  valves  are  presently  manu¬ 
factured  by  Jkrn  and  Plkt  in  Sweden  in  4-inch, 
8-inck,  and  14-inch  sizes.  The  design  side-on 
pressure  rstisg  is  230  psi.  Rated  air  flows 
are  150,  600,  and  1750  cfm,  respectively,  at 
1  inch  w.g.  Fiv  15(a)  shows  a  longitudinal 
section  of  the  vai  /c  fixed  in  a  reinforced  con¬ 
crete  wall.  Fig.  15(b)  shows  a  cross  section 
of  the  enlarger'  portion  of  the  valve  with  the 
conical  valve  disk  removed.  Normal  ventila¬ 
tion  air  flew  can  pass  the  valve  in  either  di¬ 
rection,  but  '.he  v^ve  must  c.  placed  in  such  a 
way  that  t''.e  blast  wave  enters  through  a  spe¬ 
cial  inflow  chaiuiti  to  directionallze  blast  im- 
pii.gHment  againet  the  di<*.  The  valve  disk  is 
mounted  on  =  ..utionary  shaft  and  is  kept  in 
the  desired  open  uo..allcn  fer  ventilation  pur¬ 
poses  hy  means  ci  two  helical  sprir^is  mounted 
around  the  shaft  on  either  side  of  the  disk.  In 
passing  the  inflow  channel,  the  Incident  blast 
wave  is  directed  towards  the  center  of  the 
valve  disk  and  this  effect  Is  strengthened  by 
the  concave  shape  cf  the  disk.  Under  action  of 
a  blast  wave  the  light-weight  disk  will  accel¬ 
erate  towards  the  strong  grated  seat  which 
has  cloaely  spaced  bars.  During  the  negative 
phase  of  the  blast  the  conical  valve  disk  is 
suckod  outwards  and  leseated  against  the 
outer  oblique  wall  of  the  enlarged  channel  as 
shown  in  Fig.  15(a).  When  the  blast  effect  has 
ceased,  the  valve  disk  is  returned  to  its  initial 
position  hit  the  spring  forces. 


Office  of  Chief  of  Engineers  - 
Mosler  Safe  Co.  Valve 

The  blast  valve  shown  in  Fig.  14,  which 
was  developed  for  the  Office  oi  Chief  of  Engl- 
neerb.  U  S.  Army,  under  Contract  No.  DA  49- 
t29-Eng.-4M,  is  a  self-acting  blast  acbiated 
oesign,  -lossd  by  the  blast.  It  consists  etser.- 
tially  of  Iwu  sets  of  1/2-inch  diameter  stain¬ 
less  steel  cylinders  H-Z/*  inches  tong,  one 
Ml  lieing  movable  and  the  other  set  stationary. 
Under  impulse  of  a  st.ock  wave,  the  movable 
cvliiidcTS  close  against  resistances  uf  light 
sprintrs  and  effect  a  seal  when  they  mesh  with 
the  stationary  ^et.  Sections  may  be  added  or 
removed  to  alter  the  rated  air- flow  capacity 
of  ihe  valve.  The  closure  for  wioeh  sirtir 
air-flow  tests  yeid'd  55^  ^fn*  a,  1-inch  water, 


WS-107  A-2  Te.chnicat  Facilities 
Remcte  Actuated  Valve 

in  Fig.  16  IS  shown  another  type  oi  re- 
n«Je  actuated  valve  that  has  been  developed 
for  targe  flow  capacities,  the  valve  with  di¬ 
mensions  as  shown  being  capable  of  handling 
35,000  cfm.  The  valve  Is  cloeau  upon  release 
U  tiie  spring-te,u»ioaed  stops  upon  signal  from 
Uit  sensor,  the  aciion  of  which  relieves  com- 
(.rcBcion  of  tiie  contained  soring  to  seat  the 
valve  behind  the  eeconuary  Siups.  It  l-i  re¬ 
opened  pneumatically  after  .bsage  of  danger¬ 
ous  overpressures. 

D-  cucrion  of  I  ^ults 

Available  experimental  (field  »r  shock 
tube)  data  on  the  valves  discussed  in  this  piqier 


>»  ‘  ■ 


t 


TABLE  8 

Musler  Sale  Co.  Designt  ‘  Vaive 


(a)  Design  Criteria  aiul  Pliysical  Data 


1  Nominai  Size 
!  Vaive  body: 

(a)  OveraJl  Diameter  - 

Weight  of  Moving 
Parts: 

1/2  ixjuiid  per  cylin¬ 
der,  approximately 

(b)  Weigh'  -  — 

Design  Side-On 

Blast  Pressure: 

too  psi 

(c)  Mater<:>l  -  Steel 

Rated  Air  Flow 

550  ofm 

!  Moving  Cylinders: 

(a)  Size  -  1/2  inch 

diameter  nc'hinal 

X  11-3/4  inches 

Pressure  Drop  at 
Rated  Flow  (Tesi): 

1  inch  w.g. 

long 

Iiilut  Area: 

22.4  square  inches 

(b)  Number  -  6 

(c)  Travel  1/2  if«.li 

Open  Area 

Through  V.>lve: 

22.5  s>,Jire  Inc  hr  t; 

(d)  Material  - 

.S(  rinless  Slet  i 

Ratio 

Valve  s/Conncction; 

1.01 

(b)  Field  Test.  Lone. 


■*erc  mi  While  these  data  were 

quite  limited  in  most  cases  in  quantity  and/or 
they  provided  the  source  of  information 
nr  basis  for  development  of  the  design  meth¬ 
od.  t.veloped  from  the  «•  dy.  Although  nu¬ 
clear  .'icld  test  results  over  a  range  of  pres- 
surer  were  lacKing  in  most  cases,  good 
correlation  was  obtaiped  with  data  available. 

^  ...e  of  the  valves  have  never  been  field 
tested  but  liave  been  subjected  to  a  limited 
shock  tube  rvaluation.  While  the  results  of 
lilt  i>h<x:k  tutie  ieMs  indicate  certain  ♦rends  in 
valve  liehavior.  the  sliort  duratnms  <ibtained 
in  I'xiieriim  ntalion  acre  often  insulfirienl  to 

t.-i.i'i  1.  It  iii|a'  ittiul*  tfl.tl,  .mtl 

wave  -  •hai»'  peruliai  It  ICS  ol  a  .nut  leal  lilast 
would  tend  to  limit  use  of  Uie  shuck  lube  re¬ 
sults  a;.  iToof  ti'Hls.  Ohon  the  inient  of  the 
shoi'k  tube  or  field  evaluation  was  for  jiur- 
I'l.se  '  other  than  a  subjective  test  of  the  valve 
ilsc'if.  and  therefore  vartaliies  Vere  Introduced 
ui  viatt  oniilted  which  prevents  rigorous  air'I- 
ysis  ol  valve  behavior. 

1  he  PIurrlil>i4i  lest  of  the  OCDM  valves 
iml  (iroviiles  the  lo-Ui  ol  u'atilc  v:«!vi>  test 
o  >1.1  available  lor  a  leasonalily  cor..|ireh.  iisive 
.iitalysis  Included  in  these  data  were  the 
taJ'  i. all'll  pressure-time  rrruids  f  ir  various 
>-iis.ii(  I  ,aHi  line.  Iiiaid.  and  chamber  gages, 
and  the  recorded  tiiiie-displace:,w,>i  gago 
records  o(  valve  i.'t  in  oioveM'nl  It  was  then 
possibl't  I',  re-onstruc  tl.^  complete  valve 


hieta.ey  lor  ihe  records  iivailab'e;  although 
gages  at  several  statlooii  which  would  have 
been  useful  to  the  analysis  had  failed  or  indi¬ 
cated  only  peak  pressures.  Using  an  orifice 
analysis  developed  by  the  study,  the  measured 
pressure  build-ups  m  the  chambers  were 
ciatekud  quile  accurately. 

Valve  disk  displacement  gage  readings 
were  plotted  vs.  time  lor  the  duration  ol  the 
valve  closing  cycls.  The  velocity  and  accel¬ 
eration  of  the  valve  disk  vs.  time,  as  portrayed 
by  li'ai  displacement  curves  were  not  indica¬ 
tive  of  uniform  motion  and  would  I'o  repre- 
senltKi  by  romple*  t’qtalums,  at  best  There¬ 
fore,  ‘.-le  vekg'lty  and  .icceleration  iliagraiiis 
were  cunstiuctod  by  a  method  of  graphical 
dlffereidlatlon.  Interpretation  of  the  cur'ves 
may  be  undertaken  by  congidcrlng  an  increase 
la  slope  of  the  taii.h'nt  til  the  'liuplacement" 
time  diagram  as  r«-pre<o'ntm;!  an  iiicroasc  iu 
velocity  and,  convers.  ly  a  derrease  In  slope 
as  representing  a  velotil  y  rh  t  remenl.  Con¬ 
stant  vel  .rhy  jg  intltcaled  bv  a  straight  line 
cai  the  dtrplacomcnt  c.,.  *. .  ...  :...ed  to  the  axis 

of  alisclssas,  iu>.d  tnir.  V  :  ■,  .  csider  d  to  be 
the  case  liciweer.  given  da'  pomis.  On  the 
velocity-time  diagram  c  m  nu>'"-n  would 
be  represen  «d  by  a  I'raig. '  line  parallel  to 
lO  axis  ot  al  .' ‘rsas.  For  unsdanl  accolera- 
ilun  or  constant  retardat>oi>  the  displacement- 
time  curve  Is  a  parabola,  Ihe  ,'elci'ity-timu 
curve  is  a  straight  line  inclined  away  Irom 
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or  toward  the  abscissa  depending  uiKin  v.-'-ether 
the  velocity  increases  or  decrease^;  and  the 
acceicraiiuii-liiiie  diagram  is  a  straight  line 
parallel  to  the  abscissa. 

The  displacement-time  curves  (Figs.  17 
and  18),  are  for  the  24-inch  OCLiM  valve  situ¬ 
ated  at  the  63-psi  overpressure  range.  Figure 
19  is  the  recorded  blast  line  pressure  curve 
for  this  overpressure  range.  The  valve  was 
closed  m  the  ti  jt  phase  due  to  a  precursor 
with  an  incident  pressure  of  approximately  12 
psig  which  preceded  ar 'ival  of  ‘he  63-psi  peak 
overpressure.  H  is  seen  from  Fig.  17  that  the 
valve  was  clored  60  msec  after  arrival  of  the 
blast.  However,  several  milliseconds  there¬ 
after,  the  outside  overpressure  curve  dipped 
practically  down  to  zero  and  leakage  past  the 
valve  which  had  pressurized  the  chamber 
downstream  to  approxir.iately  12  psig,  caused 
the  valve  to  reopen  aliout  tialf  way.  After  the 
valve  had  traveled  part  of  this  distance  the  dip 
in  the  nrecursor  enued  and  the  valve  deceler¬ 
ated  to  a  stop  Then  the  oufsiile  overpressure 
rose  nearly  instantaneously  to  the  63-psi 
itvoi,  reclosing  ihe  valve  at  10.4  msec  (rig. 

16).  As  a  result  of  the  reopening  and  secoixtary 


closing,  final  measured  chamber  pressure 
reached  16.9  p'  ig.  Calculated  velocity  vs. 
time  diagrams  .i-c-  shown  in  Figs.  20  awi  21 
and  acceleration  vs.  time  diagrams  in  Figs. 

22  and  23.  Valve  acceleration  in  the  final  in¬ 
terval  rose  to  nearly  18,000  ft  per  sec^  in  thu 
second  phase  diagram  (Fig.  23).  In  this  in¬ 
stance,  the  v.ajve  disk  whict-  had  been  in  mo¬ 
tion,  accelerated  in  excess  of  that  possible  as 
■A  r-.  S  i’'  of  the  apparent  pressure  differential. 
(The  peak  reflected  pressure  measured  in  the 
hood  was  122  psig.)  The  maximum  calculated 
velocity,  (he  magnitude  of  which  was  approx¬ 
imately  50  ft  per  sec ,  was  attained  duririg  the 
second  pOanc  (Fig.  21).  The  orifice  analysis, 
upon  application,  yielded  “’.O-psig  maximum 
pressure  build-up  in  the  chamber,  using  a 
siep-by-sten  procedurt  for  the  l  oilrc  cycle  of 
operation.  This  is  in  good  agreement  with 
16  9-ps.g  pressure  actually  recorded  (poak 
pressure  only  ottainedl. 

The  16-inch  OCDM  valve  installed  ver- 
fi-  illy  at  the  C3-psig  range  was  placed  in  a 
iiambcr  next  to  the  2-  inch  valve.  This  valve 
actually  closed  in  29.5  rr'sec  (Fig.  24),  and 
pressure  in  the  chamber  rose  1.45  psig  at  the 
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riR.  Ift  -  DispUccment-tirvt^  d>i«gram  (scconci  phase) 
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TittC  .  MtCC 

19  <  Main  bU«t  line  overpressure  curve,  station  No.  ^041. OU 
gage  No.  9S9,Shol  FfisctUi 


end  oi  this  interval  (data  from  pressure-lime' 
chimbcr  rerord).  The  vtlocity-time 
(1ia4;raiii  for  the  valve  closing  is  slx^wnby  Fig. 
25.  If  the  valve  had  continued  its  initial  aocel- 
eiati'm  after  the  first  two  msec,  as  depicted 
in  Fig.  26,  cio!;ure  would  have  been  effected 
in  tin.,  iiaf!  th.’  actual  time,  or  less.  Calcu¬ 
lated  preisure  increase  for  l.io  .diove  iiUervU 
was  '  Jh  j.Kig  However,  the  prcssure-t.me 
cl  amber  re'-ord  indicates  that  pressure  con¬ 
tinued  to  increase  after  the  valve  had  closed 
and  actually  reached  a  maxlmuin  value  of  4  'I 
psig,  243  msec  after  the  Initial  r  verpr  ssure 


III  the  chamber.  This  or  the  installation 
was,  therefore,  defective  In  scaling  the  cham¬ 
ber  which  'vas  not  isolated  from  the  blast  after 
closure  in  29.5  macc. 

The  same  OCCM  valves  uc^.i  riuiooliob 
were  removed  and  relocaled  for  the  'lardtacl; 
|17|  tests  It  was  then  oil'  jverid  it  a  ma- 
ch:iiii'.g  dilficulty  during  manufar-.  <  ,i  this 
valve  had  prevented  Ihedtsk  fro  .i  sc,-  ng.  This 
wouldacr  mt  furthec.  imbm-beln<;r' cscurlaed 
during  Ihc  first  243  msec  of  the  positive  phase 
and  lor  the  maximum  pressure  recorded. 
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The  E4  antiblast  closure  v-,.s  initially 
field  tested  in  1051  at  Operation  Greenhouse 
[l4l.  Valves  were  installed  below  ground  at 
various  pressure  ranges,  each  protecting  a 
5-cubic  foot  chamber.  The  air  inlet  w.~s  a 
standard  300-pound  6-inch  pipe  tee  with  the 
two  open  ends  paiallel  to  the  ground.  The 
vertical  connection  was  attached  by  a  standard 
pipe  nipple  and  flange  to  the  inlet  of  the  anti- 
blast  i  ln.sure.  A  standard  6-inch  pipe-  nip,^le 
and  flange  were  bolted  to  the  und'  rside  of  the 
surge  tank  cover  immediately  beneath  the 
closure  unit,  there  acre  holes  i.i  the  wall  of 
this  nipple  to  permit  air  flow  to  the  chamber. 
Only  peak  outside  overpressure  and  peak 
pressure  inside  the  chamber  were  recorded 
for  the  valve  stsaions.  Valve  closing  times 
and  pressure-lime  data  at  the  stations  were 
not  recorded  Recorded  field  data  arc  given 
in  Table  9  together  with  our  calculated  closing 
time. 

Overpressures  considered  in  the  duct 
impinging  on  the  vaUe  disk  were  50  percein 
of  the  average  recorded  peak  line  pre&snr 
value  I'see  discussioii  below  for  b'pshot-' 
Knothole  Testj.  The  above  results  indicate 
that  the  E4  vn!v“  “V  sed  by  etfcctive  pres- 
c.ji equal  to  reflected  pressure. 
Stations  Ci:'?  and  6103  were  checked  using  the 
Cl  .iicc  areilysis  for  inflow  to  the  chamber,  and 
sausiaclory  agreement  was  obtained  using  50 
percent  of  the  average  line  pressure  value. 

A*  elation  6101,  located  -..iUiin  the  (ireball, 
ovc.'ptcssure  varied  considerably  (from  340 
to  720  psi)  along  the  two  measured  lines  of 
pressure  instrumentation,  between  which  the 


clo.sure  was  placed.  At  this  iiigh-overpressura 
rang«  the  pressure-tim '  history  at  the  valve 
is  e8s.:ntial  for  an  analysis  to  detcrniii’e  clus- 
ing  time  and  inflow  to  the  chamber.  In  view  of 
the  wide  variation  between  the  two  bla*:'.  line 
readings,  the  use  of  average  blast  line  pres¬ 
sure  may  be  seriously  in  error.  Consequently, 
closing  time  and  influx  v.cre  not  computed  for 
the  valve  at  station  6i01.  The  E4  valve  was 
then  field  tested  in  1653  at  Operation  Upshot- 
Knotiiole.  One  closure  was  installed  below  a 
6-iiic!-.  tee  inlet  and  protected  a  Chemical  Corps 
Filtei  -nd  an  84-cubic  foot  chamber.  Re¬ 
corded  test  data  are  shown  in  Table  10. 

Duct  pi'cs^Bure  readings  were  measured 
at  3  location  after  the  valve  and  filter.  How¬ 
ever,  since  a  peak  overpressure  ot  10.4  psi 
was  recordeo  in  the  duct  of  the  6-’’rich  tee  (no 
valve  or  filter)  feeding  into  a  chamber  of  sim¬ 
ilar  size,  adjacent  to  the  installation  under 
discussion,  il'.'.s  pressure  vius  taken  as  imping¬ 
ing  un  the  E4  vaive  disk.  Due  to  the  short 
lengths  of  duct  involved,  in  the  order  of  a  few 
feet  only  be*ween  the  valve  disk  and  duct  gage, 
Tio  increase  m  upstream  pressure  due  to  at¬ 
tenuation  couiu  be  cunsidvred.  Valve  clositig 
was  again  determined  to  result  from  actuation 
by  pressure  .  Jic  order  of  magnitude  of  re¬ 
flected  pressure,  and  good  agreement  was  ob¬ 
tained  lor  pressure  inflow  using  the  orifice 
analysis.  A  30-man  shelter  was  protected  by 
the  E4  antiblast  closure  units  in  Operation 
Teapot  [18].  However,  malfunction  of  pres¬ 
sure  instrumentation  made  records  obtained 
ti<A.  Usable  for  analysis  of  valve  perform¬ 
ance. 


TABLE  9 

Operation  Greenhouse,  Tests  of  E4  Antiblast  Closure 


1 

j  station 

Average  Measured 
!  Peak  Blast  Line 

1  Overpressure  (psi) 

Peak  Pressure  Measured 
Protected  Side  of 

Closure  (psi) 

Calculated  Time 
Closure  was 

Open  (msec) 

j  6101 

530 

12.C 

(see  te.xt) 

1  6102 

52.5 

8.48  1 

1 

1  6103 

14.25 

2.45  j 

1.73 

TABLE  10 

Operatioo  Upahot-Xnc  .,!'ile,Tcst  of  E4  Anttblaat  Clrrorp 


Peak  Une 
Overpreseure 

(pel) 


Peak  Overpieeaure 
Measured  in  Adjacent 
0-lnch  toe  inlet  (no  valve) 
(psi) 


Peak  Pro  ^Eure 
Measured  In 
C.-iamber 
,..«») 


Calculated 
Clos'..,s  Time 
(msec) 


The  E19  antiblast  iouver-type  closur? 
was  field  levied  in  1957  at  Operation  PUtirn- 
bob.  It  was  installed  in  a  horizontal  cylinder 
whose  overall  length  was  8  feet.  7  inches  and 
diameter  was  5  feet.  Aitached  to  the  hori¬ 
zontal  cylinder,  at  right  angles  and  in  a  ver¬ 
tical  position,  was  a  second  cylinder  whose 
length  was  6.5  feet  and  diameter,  3  feet.  The 
upright  cylinder  contained  a  ladder  and  a 
hinged  steel  cover  plate  on  liie  top  to  permit 
personnel  acces-..  The  E19  closure  was 
mounted  within  the  horizontal  cylinder  and 
coruiectcd  to  an  8- inch  r  andarJ  steel  pipe 
which  extended  vertically  through  5  feet  of 
dirt  fill,  through'  a  1.5-foot  thick  concrete  p.ad 
at  the  ground  surface,  and  above  ground  for  a 
distance  of  aliuul  2  feet,  a  standard  6- inch 
welding  tee  was  installed  on  the  upper  end  of 
the  pipe.  The  calculated  free  volume  of  the 
to't  ins'.a'lation  was  approximately  194  cubic 
leet.  Pressure  measurements  otiiamed  in  this 
test  aiid  calculated  results  ai-e  given  in  Table 
11. 


TABLE  11 

Operation  PIumbboL. 

Test  ui  Eis  Antiblast  Closure 


Peak 

■C'.,  rpressure 
at  To  S'. 
Installaiiun 
(psi) 

Peak 
I'.essure 
in  Tost 
Chamber 
j  (psi) 

Calc. 

Closing  1 
Time  1 
(msec) 

Cl 

0.32 

1 

2.7  : 

Since  there  e»isaed  a  12-psig  prccur.e^- 
precedmg  the  arrival  of  peak  overptessure  at 
the  station,  this  pressure  existed  at  the  above¬ 
ground  pipe  'ee  peal:  overpressure  of  6  psi 
c  or.sulered  m  tne  duet  impmic.r.g  on  the 
•  .li'.'i  dur  r.,;  ds  oix  r-oom  ronsistciil  with 
.ii' .t-Knolnole  res, ills  discussed  prevK>>isly. 
laivc  .losing  was  under  airproximalely  15-psig 
pr*"«ure  (reflected  pressure  for  6-vstg  Uiri- 
dend  ■’dd  caiculaieu  pressure  buiio-up  in  the 
chanioer  was  f'Aind  to  be  in  agreement  with 
measurements  at  the  test  site. 

The  OCE  ulast  actuated  valve  h.'>s  not  been 
evaluat-  I  by  field  tests  but  was  hritfly  sub¬ 
jected  to  a  shock  tuoc  luDt  in  1951,  "'e  purpose 
of  which  v’ae  to  determine  the  closure  time 
versus  pre?'  lire.  Hriwcvcr.  the  peak  pressure 
of  the  sho;  k  wave  which  passed  the  valve  be¬ 
fore  loi.iplt'io  closure  was  considerably  below 
anticipated  irc  ident  shock  pressures  and  the 
durations  of  positr'e  phase  were  only  about  3 
msec,  exccjit  for  pressures  so  low  that  the 
valve  did  no*  close. 


ShG.‘k  tube  tests  it  5,  15,  and  30  psi  were 
performed  in  Ih'.O  fl?]  on  the  Mosler  .Sale  Co. 
valve  design.  A.  irst  series  of  tests  produced 
some  deformation  in  the  1/2-ir.ch  diameter 
cylinders,  which  caused  the  rods  to  bind  in  the 
closed  position.  After  some  additional  testing, 
the  valve  was  m^lified  so  that  the  rods  woiilo 
move  freely  back  and  lonh  from  the  open  to 
the  closed  position.  In  the  next  phase  of  test- 
. '.g  ;.t'  .id  E-i8  Pariiculate  Filter  was  at¬ 
tached  K.  the  back  end  it  ttic  plenum  and  pro- 
tecled  by  the  valve.  Post-shot  inspection  of 
the  filters  sliowed  them  *o  be  undamaged. 

Valve  uncertainties  e:.i  ountcred  in  the  tests 
and  desirability  of  additional  data  not  obtained 
did  not  warrant  detailed  il:—'  analysis  of  these 
test  rcsuiis. 


Blast  Pressure  Leu'.age 

Blast  pressure  le.ikagc  into  the  protected 
cliambcr  past  a  valve  wliict-  is  closing,  is  de- 
pp-  'ent  diruotly  upon  tlie  mass  ol  moving 
p'  .-ts,  initial  open  arie-  mu  travel  to  close. 
Initial  open  area  and  trav'.  '  course,  are 
functions  of  the  volumetric  capacity  of  the 
valve  and  pressure  drop  requirements  con¬ 
sistent  with  the  design.  The  mass  of  noving 
parts  will  varv  with  valve  design,  size,  and 
pressure  rating.  The  mass  will,  in  turn,  re¬ 
late  accelerations  and  terminal  velocity 
attainable,  with  iv-suitant  impart  energies. 

The  three  basic  valve  parameters  described 
above,  when  lumped  lugether  lor  a  partiCulai 
valve  clos’tre  system,  will  combine  to  give  a 
closing  time  under  an  overpressure.  Tnis 
will  then  directly  determine  the  chamber  vol¬ 
umetric  capacity  necessary  to  limit  pressure 
build-up  lo  say  2  psi,  or  less,  which  is  again 
dependent  upon  the  hardness  of  the  structure 
and  the  li  vel  of  pp  tccluiii  desired.  T'lp  total 
.u’celer.tl  ing  li.iec  art  ng  •ni  the  valves  tested 
was  found  to  be  less  than  tiiai  calculated  using 
the  differential  between  measured  external 
pressure  and  average  pressure  within  the 
chamber.  Tins  may  b<'  atcoumed  for  by  local 
disturbances  in  the  pressure  pattern  due  to 
the  protective  liouas  and  metiiod  of  installation, 
and  -ireESurr  build-up  in  the  passage  behind 
the  .-*isk  which  is  greatei  tlian  chamber  pres¬ 
sure.  For  valves  with  the  same  effective 
projected  nrea,  those  .vith  light  masses  will 
be  accelerated  more  rapidly,  nnti  ..g  a 
lower  pressure  build-up  beyond  tli.  '  .it  dur¬ 
ing  the  travel  and  are  thereiore,  nor  riously 
hindered  from  closing.  In  odditu....  .  .ive  im¬ 
pact  energies,  which  n  -n  be  aboorbw  hy  the 
body  strut'  irc  or  an  ener,;y  dissipatii.g  devl.oe, 
are  directly  dependent  upon  mass  ol  moving 
parts,  indlcatbig  an  ob'vicus  advantage  to  be 
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accrued  in  minimizing  the  latter  The  reduc- 
tior.  Ill  accelerating  force  from  ;hat  indicated 
by  .he  apparent  pressures  requires  additinnai 
study. 

In  sizing  plenum  chambers  to  limit  pres¬ 
sures  to  2  psig  for  the  various  valves  sti|died, 
valve  malfunction  or  failure  to  close  were  not 
considered,  since  tor  long  duration  weapons 
with  durations  in  seconds,  fall  oulsida  •vr 
pressure  can  t.ien  be  anticipated  witlnii.  Valve 
closing  is  influenced  by  factors  which  at  pres¬ 
ent  cannot  easily  be  nredicted  for  most  instal¬ 
lations,  and  wnich  are  variable  and  dependent 
upon  type  of  installation  and  characteristics  of 
the  pai'ticular  nuclear  detonation.  For  the  pur¬ 
pose  of  these  calculations,  each  of  the  valves 
were  considered  installed  in  a  duct  or  tunnel 
such  that  blast  flow  would  be  directed  itOl  iiUu 
to  the  moving  part  or  parts.  Under  these  con¬ 
ditions  valve  closing  was  conservatively  cal- 
culaie-u  considering  overpressure  actuation. 

The  analys  is  also  consider  valve  installation 
such  *ha'  there  is  nc  restriction  downstreani 
of  the  valve.  This  will  be  discussed  subse¬ 
quently  wher.  the  one  valve  violating  Ibis  con¬ 
dition  is  discussed.  It  is  also  necessary  that 
immediately  downstream  of  the  valve  a  cham¬ 
ber  ntis;  whese  area  ratio  is  considerably 
above  ilui.  el  '.he  valve  outlet,  preferably 
greater  than  -1:1,  so  as  to  diffuse  the  flow  as 
quu-iUy  as  possible.  A  chamber  which  has  the 
prescribed  necessary  volume  but  has  iillic 
cha  '.c  in  area  would  act  Pkc  a  shock  tube  or 
tiuuH'i  .’rd  the  inflow  pressure  would  experi¬ 
ence  tittle  attenuaiiuii  in  tin;  lengths  involved. 

It  :s  advisable  to  make  the  area  ratio  as  large 
as  consistent  with  good  design,  so  long  as  the 
depth  of  chamber  ts  nut  made  loo  shallow  In 
general  a  cubic  design  would  be  a  good  rule 
of  thumb.  All  plenum  chambers  were  calcu¬ 
lated  to  limit  pressures  to  2  psig  using  the 
method  of  stuKk  wave  (low  through  intakes  de¬ 
veloped  m  the  study,  niid  were  lound  to  he 
conservative  for  all  tield  test  data  described 
previously.  However,  additiunal  vertiication 
is  highly  'lesii  ablc. 

In  general,  the  closing  of  a  poppet  valve 
depends  on  the  restriction  downs*ream  ol  the 
valve  'od  upon  how  rapidly  the  disk  can  be 
accelerated  by  the  stretm  velocity.  The  IS4 
valve,  which  has  been  field  tested  success- 
•ally,  possesses  severai  uesiiablc  character¬ 
istics  in  Its  presor*  :..c,  such  as  littht-weight 
disk,  short  ‘-avei,  large  bearing  area  lor  disk 
inur-  .1  and  ribber-cushloncd  s.  at  Ple.lum 
chambers  for  tiie  E4  va.’’'e  have  been  sized 
using  a  minimum  closing  time  of  1.5  msec, 
although  calculated  timet  are  less  for  the 
higher  piessure  ranges  Figiire  27  •iiUicates 


plenum  chambtj  sizes  for  various  valves. 
Figure  27(a)  illustrates  the  "ohime  of  plenum 
chamb  in  cubic  feet  required  I'j  limit  in¬ 
ternal  pressure  to  2  psi  versus  peal:  over¬ 
pressure  for  the  E4  valve  under  these  criteria. 
Plenum  sizes  for  tlie  E19R1  valve  are  given  in 
Fig.  27(b).  Since  the  E19R1  is  rated  at  50-psi 
maximum  overpressure,  plenums  are  calcu¬ 
lated  only  (or  pressures  up  to  l.iis  value.  The 
plenums  shown  in  Figs.  27(c),  27(d),  and  27(e). 
for  the  OCDM  valves,  arc  plotted  up  to  100  psi 
despite  the  fact  that  the  16- inch  and  24-inch 
sizes  are  row  rated  at  50  psi.  These  valves 
are  presently  undergoing  redesign  for  pur¬ 
poses  of  b^iitening  the  valve  moving  parts  and 
decreasing  closing  times,  and  the  accompany¬ 
ing  alterations  may  increase  valve  ratings. 
Plenuii)  sizes  for  tiie  Mosler  Valve  at  various 
peak  cutzidc  o.crprcssurcs  arc  given  ;r  f-'c 
27(f).  This  valve  is  the  most  recent  addition 
to  the  field  ol  the  ones  analyzed  and  has  been 
modified  siinc.i-  first  being  sl..^ck  tube  evalu.ited. 

The  OCE  blast  acUiated  valve  is  the  only 
valve  slutluj.!  ip  which  there  is  an  appreciable 
restriction  downstream  or  in  which  the  orifice 
is  smaller  thai.  die  inlet  (s<!e  Table  12).  In 
other  words,  the  flow  area  around  the  moving 
disk  is  not  the  governing  re.'itrictinn.  During 
blast  conditions  this  downstream  restriction 
would  remain  as  the  critical  orifice  until  about 
30  percent  of  the  travel  and  may  result  in  a 
cushioning  action  which  would  seriously  im¬ 
pair  the  valve's  closing.  Since,  a«  our  inves¬ 
tigations  with  blast  actuated  valves  have 
shown,  a  displacement -time  pallerii  Is  .  iab- 
lished  wherein  the  valve  travels  approximately 
1/4  of  the  total  distance  in  1/2  the  time  and 
the  remaining  3/4  ol  the  distance  in  the  same 
time,  anything  which  would  delay  the  start  of 
closing  might  cause  an  unaccepUd>le  pressure 
bu  Id-up  in  the  interior  of  the  facility.  The 
valve’s  closing  cannot  be  pi-ixiicted  in  accord¬ 
ant  e  with  the  procedures  used  tor  liie  other 
valves.  With  initially  subsonic  flow  entering 
the  valve,  the  restrlctioi:  would  produce  nozzle 
effects  tending  to  decrease  downstream  pres¬ 
sure  and  increase  velocity,  thereby  increasing 
inflow  to  the  chamber.  With  supersonic  (low 
past  the  valve,  the  restrictloo  would  decrease 
downstream  velocity  and  increase  downstream 
pressure,  Uiereby  tncressing  closing  time  of 
the  valve  If,  however,  the  disk  open  height 
was  reduCiid  from  4  inches  t»  2-3/4  inches, 
then  the  valve's  cU'sli'sS  pattern  coul.i  be  esti¬ 
mated.  It  is  estimated  fl.;..  Uils  would  reduce 
the  volumetric  capacity  ' o  roximately  2250 

cfm  (calcula  ed)  at  1  loci.  '  water  pressure 
>''op.  It  wan  the  basis  oi  ^nis  reduced  open 
iieight,  that  tne  plenum  chambers  shown  in  Fig. 
28  were  calculated. 
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TABLE  12 
Valve  Flow  Areas 


j 

j  Valve 

1- - - - 

n 

Va!’/e  Open 
Area  (sq  in) 

Valve  Port 
Area  (sq  in) 

Major  or 
Governing 
Restriction 

Valve  Port 
Area/Valve 
Open  Area 

. 

- 

_  . — 

1  E4 

29.85 

26.80 

Valve  Port 

0.90 

j  EiyHi 

50.64 

Valve  Port 

0.90 

!  (XE 

1 

191.64 

147.53 

Valve  Pori 

0.77 

1  OCDM  12  Inch 

ah.  5 

64.69 

Valve  Opening 

1.18 

1 

i  OCDM  16  Inch 

114.2 

122.11 

Valve  Opening 

1.07 

1  OCDM  24  Inch 

1 

228.07 

264.24 

Valve  Opening 

1.16 

i  Mosler 

1 

22  36 

_ 

22.5 

J 

Valve  Opening 

. . .  - 

1.01 

PROPOSED  NEW  DESIGNS 

Existing  seii-acting  blast  actuated  poppet 
valve  designs  not  lend  themselves  rc-adiiy 
to  :  edesign  for  the  purpose  of  increasing 
rated  flow  capacity  to  the  10,00(1  to  20,000  dm 
rante.  It  would  bo  necessary  to  use  many 
valves  m  paiulici  i-r  the  volumetric  require- 
moiils  in  installatuins  requiring  large  air 
flows. 

New  d  ''sns  have  been  propo'cd  lor  a 
large  range  «.  c'tiiacities  at  low-pressure 
drops,  and  are  believed  suitable  for  success¬ 
ful  operation  over  a  wlde-pressure  range. 

The  valves  are  actuate^l  by  exterior  overpres¬ 
sure  and  are  not  dependent  upon  external  sen¬ 
sors  or  remote  devices.  However,  they  may 
also  be  combined  with  remote  sensors  (or 
double  assurance.  One  valve  of  this  type  is 
ihi  Cofien  -  Arnmar'i.  ami  V.hilney  v.uiliotme 
pofipel  vaivc  (AKilMD  Contract  No,  AF04 
(647)  •  276  Suppl.  1)  shown  in  Fig.  29.  The 
valve  possesses  favorable  ralio  oi  over-all 
•  eight  of  moving  parts  to  activating  pressure 
since  the  moving  parts  consist  essentially  of 
only  a  top  di.sk  with  skirl  0.  Travel  and/or 
diameter  oi  the  valve,  which  lorms  the  rarlpb- 
cral  air  Intake  or  exhaus.  0,  can  oe  varied 
to  give  an  optimum  corahinatton  of  closing 
time,  seaiing,  and  ovsrtravct  requirements 
for  cnertty  dissipatlo,!  by  shock  absorption  de¬ 
vices  and  inertia  forces  (or  t  given  capacity 
It  is  maintained  in  tl>e  open  position  by  soft 
springs  0,  so  that  under  normal  ventilation 
flow  pressure,  air  intike  and/or  exhaust  from 
ths  chambet  or  facility  0,  may  bo  accom¬ 
plished.  The  interior  pressures  reslst'r.i 
closure  in  the  gulUotine  poppet  <'alve  are 


negligible  since  the  ar^'C  exposed  to  such  blast 
.-re.asure  leakage  is  only  that  i>f  the  cross- 
sectional  area  cre  t*  .)  by  the  moving  sleeve 
-  fr,rc^  in 

insignifii  ant,  uhiike  the  situati^si  wiiii  true 
poppet  valves.  This  is  a  desirable  feature  of 
this  design  especially  at  low  overpressure, 
since  back  pressure  caused  by  leakage  will 
not  delav  closing. 

The  only  stresses  in  the  dome  head  are 
those  due  to  ihe  acceleration  of  the  skirt. 

When  the  bead  is  closed  by  blast  actuation, 
these  forces  are  low  since  Uiu  skill  is  light 
weight,  facilitating  design  of  the  head  as  a 
light  element.  Since  for  the  large  air-flow 
capacities  feasible  with  this  desigri  the  weight 
of  moviiq;  parts  is  relatively  smiUI,  closing 
times  of  the  guillotine  poppet  valve  are  also 
(avorablo  rndcr  ('xccssive  outside  pressure 
rcsulung  f.'oin  a  inn:  tear  dctonatioi.  or  otbi  i 
causes  entering  the  intake  and/or  exhaust,  tho 
valve  mo'ung  part  (top  disk  with  skirt)  is  ac¬ 
celerated  to  its  seat  agaLust  the  resistance  of 
the  soft  springs.  Air  trapped  below  the  valve 
moving  part  is  ventod  to  low-pressure  areas 
in  the  protected  struciuie,  if  necessary,  to 
prevent  any  cushioning  effect  which  would 
delay  clo^e  ol  the  vtive.  Soil  springs  re¬ 
turn  the  valve  moving  part  (top  disk  with 
skirt)  b)  the  noriM.’W  open  position  after  tho 
pr'-itivc  phase  of  .nc  blast  or  Lw7«ew  UIU 
conclusion  of  the  negative  phase  <n  ‘hose  in 
staliations  where  negativ.  press'..'  i  are  crit¬ 
ical  and  latching  is  roiuired.  Fh..  jDSurl''-'H' 
or  cj'^hluning  devlce.s  f£),  whi  .h  come 
into  act*  .1  alter  closer  •,  are  provl  ‘yd  to  op¬ 
erate  efficiently  over  a  complete 'range  of 
loads  and  automatically  compensate  for  the 
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t  ig.  •  Gutiloline  poppv 


I  EXMNSiOsT 
chamber 
‘.C-.J  (ALTERNATE 
^-^-1  TO  JS  NG 
-  lO!mG  D'jCT) 


■  FSGfH  DEPENDS  M 
Co*  ATTENUATtON  '  j 


(B) 


VALVE 

/'OPEN  “ORlTiON) 


it'  -  I  mu- -d'-iay  jnth  or  fxpanMon  plrnui:»  u»ed  with  or 
wittio’.t  •o'tt*acting  blatt  actuating  valve* 


(tiifin  nt  .1  I*. tel  sja  -(I.S  Spring-cuniiK'iHiU 
-  1  s  iiri  vent  any  ijiward  riKitnm  uf  the  valve 

ni()\i.-4;  paii  reUtive  to  the  mam  structure 
i  v;. ond  the  open  position  (ntTihicnt  pressure). 

A  pneumatic  operator  ®  with  a  tour-way 
vaivc  u.ll  allow  remote  override  actuation  of 
toe  gu'llotme  jxippet  valve  (rom  aci'otml  cen- 
If.  and'  T  local  remote  operation  ot  the  equip 
mc.it  lequirert  switches,  tniiped  by  the 
valve  movinp  part,  'vill  indicate  fv'!  open  and 
lull  closet  ixiBition.  Valve  ooeratton  can  be 
combined  »ilh  a  remote  sen.sor,  (or  double 
assuranv  '  to  increase  reliainlity  under  blast 
ror,.,:t.ons.  The  valve  can  be  mounted  in  a 
iwinzontal  -s  well  as  a  vertical  position  and 
.tructural  supports  provided  to  accommodate 
the  eciuiprii.mt. 


A  Itnic-di'lay  path  as  proposed  by  Cohen 
( l|  may  be  u.vinI  in  conjunction  w.th  nuist  valve 
types  as  shown  diai^ranimaUcally  in  Fig.  30, 
and  will  enable  the  valve  to  be  partially  or 
completely  closed  befc.re  dangerous  overpres¬ 
sures  arrive  at  the  Inlet  to  the  Interior  lacll- 
ily.  The  lengtli  o(  delay  palli  depends  upon  the 
speed  of  closing  of  the  vtUve  alter  actoiatton 
l>r  a  remote  actuated  .'Ivc,  or  alter  arrival 
of  ti.e  shock  wave  at  the  exterior  surface  of  a 
self-act-c,';  blast  actuated  valve,  and  the  allow- 
ablv  interior  pressure.  If  Ihr  pa.li  suiii- 
clently  long,  the  facility  will  he  c  i  ■  letely 
isolated  from  the  effects  i.j  tlic  tiin..  Outside 
overpressure  entering  tiie  inlet  '  i.sobe 
attenuated  directly  c.>  a  [unctir«i  of  it  t  length 
and  dlam  .er  of  liie  ilttoi.  With  th's 
ment,  normal  ventilatior.  flew  will  enter  the 
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facility  through  the  blast  valve  alter  traveling 
the  lime  uelay  path.  An  exhav."*  duct  will  ap- 
f  rate  in  reverse  fashion.  The  telay  path  m.iy 
be  combined  *iih  clo.sures  of  many  configura¬ 
tions  such  as  guillotine,  plug,  etc.,  Lu  provide 
positive  closure. 

An  adequately  sized  expansion  plenum 
chamber  used  in  lieu  of  the  delay  pata  will 
provide  attenuation  of  the  outside  overpres¬ 
sure  dtirinij  the  lime  the  valve  is  clor.im.,. 
will  K.iiit  transmission  if  any  pressures  not 
tolerable  within  the  facility  before  complete 
closure  of  li,  -  valvcd  air  intake  and/or  exhaust. 

The  guilloline  poppet  valve  with  delay 
path  (2)  is  shown  m  Fig.  31. 


CONCLUSIONS  AND  RECOMMENDATIONS 

An  optimum  combination  of  self-acting 
blast  actuated  valve  parameters  iz  necessary 
lor  protection  against  the  effects  of  high  yield, 
long- duration  weapons  with  sharp  pressure 
rise  times.  For  example,  an  cxcessi'.T  tr  vel 
with  a  moderately  heavy  disk  would  create 
Urge  dynamic  loads  upon  impact  and  the 
valve  hndv  or  structure  would  be  required  to 
abscro  tlii.«  energy.  If  the  structure  cannot 
susiain  this  mpiict  then  failure  oi  disk  and/or 
>Kxiy  will'  occur.  An  alternative  to  this  would 
oe  lo  provide  overclosiirc  on  the  valve  travel 
ioi  energy  absorpti.at  devices  which  would 
cu  von  the  impact  hiads  <•!  the  moving 
mas.uia  Local  disturbances  affecting  initial 
movement  and  causing  high  prestaire  leakage 
in  this  first  interval  when  the  valve  is  wide 
open,  could  be  extremely  detrimental  to  the 
interior  ol  the  facility.  This  may  be  overcome 
by  the  use  of  a  time  delay  path  which  will  en¬ 
able  partial  or  complete  closure  belore  dan¬ 
gerous  overpressures  arrive  at  the  valved 
ii'let  KKi'Vtivc  closing  of  a  valve  bv 

blast  dep'  nds  upon  removing  any  restriction 
or  pressure  build-up  downstream  ol  the  valve 
opening. 

The  use  of  many  valves  in  parallel,  fur 
installations  with  large  air  requirements,  de¬ 
creases  over-aJi  system  leliability  by  in- 
croas.ng  the  number  of  independent  elemen.ci 
maintenance,  etc.  The  propowid  guilloline 
popjx  t  vaJve  'lesigns  are  ■•dvarlagcous  when 
compared  to  existing  p»|>|>et  designs  m  thai 
.’losing  IS  not  retar.led  bv  pressuro.ation  on 
the  downstream  side  o.  ;nc  valve  caused  by 
Ilia  a  leakage  during  a  nuclear  blast.  Valve 
behavior  uinlvr  blast  ronduions  can,  therelore. 
be  predicted  with  greater  confidence.  The 
guillotine  [loppel  desiv.iis  allo‘>  'or  i'«c -cased 


cap-acities  ov^r  existing  valves  Ihrougli  opti¬ 
mum  sizing  of  diameter  and/or  travel  with 
little  nen-alty.  A  time  delay  path  for  diverting 
blast  .low  may  be  included  in  the  insta'lali.ju 
to  isolate  completely  the  facility  from  blast. 
The  length  of  this  delay  path  is  depen.-iont  on 
the  extent  to  which  absolute  isolation  is  re¬ 
quired 

Plenum  chambers  were  conservatively 
sized  as  sufficient  to  limit  pressure  build-up 
to  2  psi  within.  Plenum  sizes  are  directly 
dependent  upon  how  fast  tlie  valve  moviiig  e!e  - 
meat  can  be  accelerated  to  the  closed  position, 
and  are  sr.,allest  for  valves  with  lig.ht  weight 
of  moving  parts.  For  a  large  volumetric  ca¬ 
pacity,  requiring  installation  of  several  exist¬ 
ing  self-acting  blast  actuated  valves  in  paral¬ 
lel,  the  required  total  plenum  size  tor  an 
interior  limiting  pressure  of  2  psig,  would  be 
the  sum  of  individual  plenum  sizes.  In  lieu  of 
the  above,  installation  ol  a  '  -rger  capac  ity 
guillotine  v.tivi  ■<’  expected  to  result  in  a 
smaller  total  plunun.  in  combination  with  a 
time-delay  path,  the  plenum  size  required 
with  a  gui-!’  -ne  installation  m.-iy  be  drastically 
reduced 

For  high  yield  'venpons  without  precur- 
aors,  it  is  recommend^  that  valve  moving 
parts  be  designed  structurally  for  loadings 
asd  accelerations  corresponding  to  reflected 
pressure  due  to  peak  overpressure  in  the 
approaching  shock  wave  and  considered  to  be 
acting  during  the  entire  closing  time.  Where 
the  inlet  shaft  or  tunnel  has  a  favorable  orien¬ 
tation  with  respect  to  the  shock  wave  or  when 
a  precursor  is  predicted,  the  design  peak 
overpressure  may  be  reduced  (26,27 1.  Valves 
should  be  installed,  if  possible  and  practical, 
so  as  to  minimize  the  elfective  overpressure 
in  the  duct  and  to  direct  blast  flow  normal  to 
trie  valve  moving  part  or  disk.  Valves  should 
possess  a  moving  element  as  iigl't  in  weight 
as  structurally  feasible  in  order  to  reduce 
closing  times,  pressure  build-up  downstream 
of  tlie  disk  wlUle  closing,  and  inertia  loading. 
Valve  seats  protected  by  resilient  materi-a's 
are  advantageous  for  damping  uie  elastic  iiu- 
pzrt  ol  disk  again.st  seat  and  reducing  energies 
transinilted  to  the  seat  and  structural  supports, 
’the  materinis  astid  should  be  checked  for  their 
ficrniai  cliaracteristics. 

During  inairtuiunce  pt  l  iods  ne  in.s  .snoul  j 
b<r  provided  to  tuKe  a  i''.‘  •iilvi'  ri  Quirini: 
service  otf  the  line  and  to  i"  -j  spare  in  oper¬ 
ation  simulianepusiy.  ;■>  ".er  Ic  .u,^  ’impiisli 
I ‘us  .1  del ‘Should  ue  i  r-  ided  to  lilank  off 
lie  ii|..‘ning  le  '’ad  of  the  vaive  to  be  serviced. 

All  ’  lives  shoiiid  lie  o|ierated  and  maintained 


GuiUotine  pcippel  valvt-  \viih  »me-dt‘iay  pail 


on  n  periodic  schedule  to  assure  maximum 
ielinb'lity. 


Remote  aclua'.ed  valves  depend  for  their 
operation  on  sensing  devices,  electrical  re¬ 
lays,  etc.,  with  the  possibility  o(  malfunction 
of  oiie  or  more  of  the  system  components.  By 
including  blast  wave  arr.val  time  in  the  "but¬ 
ton  up"  period,  •.!iese  may  present  a  problem 
(or  combustion  equipment  within  the  protected 
structure.  Addilioeil  problems  are  sui'at  i'r 
of  the  c>'r,£oi  t  lor  multiburst  operation  and 
degree  of  hardening  of  the  sensoi  s.  itemotely 
actuated  valvo^  which  are  pncumaticaliy  or 
hydraulically  oi>erated.  are  dependent  upon 


equipment  for  maintenance  of  pressure  if  they 
are  to  function  when  needed.  If  "fail  safe" 
feature',  are  incorporated  in  Iht.  design,  the 
valve  r  .y  close  upon  power  tailure,  thereby 
"buttoning  up"  the  facility  for  a  periixl  of  time 
which  might  be  extremely  detrimental,  since 
for  some  facilities  times  in  the  order  of  a 
few  minutes  are  not  tolerable.  In  acidition  to 
reliability  of  system  operation,  the  sensors 
actuating  remote  valves  must  be  satisfactorily 
ardened  and  ruude  suitable  lor  multiburst 
operation.  Therefore,  it  appears  that  at  the 
present  ti'iie  iiioAiitiuiii  system  reliability  is 
obtained  through  the  use  of  st  lf-acting  blast 
actuated  valves. 
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FOUNDATIONS  FOR  PROTECTIVE  STRUCTURES 


K.  E.  McK  -e 

A  rrn-.  ■ ;  »  ■  r' r'our.aalion 

Ciiicago, 


The' behavior  ot  louiidationu  subjected  to  dynamic  toads  is  of  major  in¬ 
terest  to  the  desist.,  rs  of  protectivi-  '  ructures.  This  piper  pre-ents 
the  resuits  oi  ri-:.e.irv  h  tjoth  analytical  and  experimental,  which  cuosid- 
ers  t!ie  beliavior  oi  lootirgs  under  dynamic  loads  with  particular  attcn- 
lien  to  the  applications  for  protective  structures,  i 

Th,  purpo.'e  ol  this  research  is:  .  .to  investiga.e  the  problems  asso-  j 

ciaieti  wii'n  the  design  and  analysis  of  foundations  for  protective  str'  l 
turcs  Subjected  to  dynamic  InsQe  fren.  *-iuClear  bia-i  Ttie  more  basic  j 
prcbii  m  posed  for  the  purpose  of  the  research  -has  bi  e'i  lu  expl.ain  the  j 
behavior  at  foundations  un  arbitrery  sinl  subject 'd  to  an  rbiti  a  ry  time-  j 

I  “■  ec-.-' ■  ‘  -Oi  - . -....c.  - . -  . . 

I  which  restricts  t  onsule  r  ' ;  e.ii  i  soil  fuiiiires,  Thi  »  ..perimonls,  both 
!  tatic  and  dynan.ic,  a-iciti  were  conducted  as  part  of  thi'*  p  .igram  »vill  j 
!  be  described  and  related  to  the  theoretical  stuoies.  These  experimen-  I 
I  tai  results  combined  with  the  .analytical  work  will  be  combined  lO  pro-  | 
vide  a  paper  defining  the  limits  of  current  knowledge  and  making  rec-  | 
'iTiniendations  for  design  pioccdures.  < 


NOlifrNCLATURE 


INTRODUCTION 


B  a  cenical  (urve 
r  »  cohesion 
C  X  center  of  failure 
D  s  depth  of  burial 
r  »  ercontricity 
'•  s  vertical  force 
<1  a  oresMre  on  mirface 
r  a  radiua  of  failure  a  irfare 
s  s  jhear  ttrees 
s  ,  a  distancea 
.I  V  a  coordinatea 


Tiic  behavior  of  foundations  subjected  to 
dynainie  loads  is  ul  luajui'  interest  to  the  de- 
signe's  of  protective  slni'.tures.  During  the 
iast  fuw  years  protective  construction  has 
forsaken  the  research  offices  and  test  site* 

(or  the  de8lf.n  offices  and  con.ftruction  sites. 
Foundations  'or  protective  stiuctures  had 
recciveil  relatively  iittlc  atte-tfinn  during  the 
rrnearcli  phases  and,  hence,  repre.scnied  a 
techiiiot  area  where  much  additioiuU  Investi- 
galion  was  required.  During  the  past  three 
years  considerable  research  on  foundations 
(or  protective  structures  has  been  conducted 
resulting  In  improvements,  in  understanding, 
and,  heraie,  in  aesign  knowledge.  The  p".i'puse 
of  'his  paper  Is  to  oeacribe  some  of  the  re¬ 
search  which  nss  been  done,  to  recuinmend 
design  pro.',e*'ures,  and  tu  point  out  limitations. 


•  X  angle  of  internal  f'ictiun  Specifically  this  paper  wH  be  bai-.cd  on 

1  X  normal  stress  research,  both  aiu'>1ical  a...:  experimental, 

cundurtod  at  the  Armour  i’v  -ch  Foundation 
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Special  ^Veapons  Cer.te; ,  Air  Resi-arcli  and 
Development  Command,  Kirtland  Air  F'ace 
Base,  Ne-;.-  Mexico  starling  early  in  iC3u.  T'a- 
basic  problem  pos’d  ier  t.dis  research  has 
been  to  explain  the  behavior  of  foundations  on 
arbitrary  soils  subjected  to  arbitrary  time- 
dependent  forces  It  has  been  soecified  that 
the  founilation,  itself,  *iil  not  fail  (this  rep¬ 
resents  a  design  problern,  but  no  fundamental 
difficulty.  As  for  any  type  of  design  the  as¬ 
sumptions  regarding  toad  distribution  should 
be  oons  ervati’.  j  from  the  point  of  view  of  L  ~ 
foundat-on)  and  hence  consideration  is  limited 
to  soil  failure. 

"Foundatl  ms"  is  a  general  term  used 
lierc  to  refer  to  any  method  of  transmitting 
loads  from  a  structure  in'o  the  earth,  includ¬ 
ing  such  diversified  sysftnis  as  pile  founda¬ 
tions.  piers,  spread  f'lrtings,  caissons,  mats, 
•aft  foundations,  retaining  walls,  etc.  The 
assumption  has  been  made  that  the  many  exi.'-i- 
ing  lypies  of  foundations  can  be  divided  broadly 
into  ■  foundations  or  spread  footings.  Medi- 

r-r4  e  aU--  -  4 

types  of  foundations  with  the  uiulvi  siaudiiu' 
that  tii'S  knowledge  sfiould  provide  a  suitabl, 
general  apprcach  for  any  type  of  foundation 

t  he  r-siuiiiT'i  nts  governing  the  design  of 
foundatioh.s  lor  protei  Cve  cciistructiun  are 
iwo  fold  Fir.st  the  structure  certainly  must 
be  designed  lor  normal  conditions.  In  the  case 
of  the  foundation  (his  means  that  they  should 
be  designed  .  support  the  de-d  loads  plus 
norn^al  !i«e  m.ids  'or  long  times,  and  that  the 
possibility  of  consolidation  below  the  structure 
must  be  considered.  Of  more  direct  interest 
here  is  the  second  type  of  requirement  relating 
to  the  blast  loading  transmitted  through  the 
structure.  The  durations  are  suificiently  short 
so  that  consol idai ion  under  these  blast  loads 
call  I'c  i-lcd  One  must  tiowovcr  be  ;nter- 
'.sted  in  Itu  ;1. sji!  ircmoirt  (whu  h  will  also  be 
I '  (erred  to  as  ,s<  U'ciiienl)  uiukir  dynamic 
loads.  Depending  u.i  the  over-all  structural 
J...sign  concepts,  one  may  aish  to  l.mit  settle- 
icrut:  under  single  or  multiple  aivUcatlons  of 
blast  forces.  On  the  other  hand  It  may  be  ad- 
vintagiuus  to  design  (or  large  -aittlements 
when  toe  foundations  are  subjected  to  blast 
loads.  This  docislon  is  up  to  tlie  designer  and 
TT'c-.i  .«-nd  on  the  •ipr'-i'ic  ''iqulremenrs  In 
each  insta.ice  As  far  as  (oundati.>.i  behavioi 
is  conceined  this  means  that  metliods  should 
be  developed  for  predicting  and  designing  for 
either  laige  or  small  settlements,  or  both. 

For  f  -c  nurposes  of  this  paper  the  follow¬ 
ing  soil  parameters  wt  re  selected  lor  use  10 
iMgh  static  and  'lynamic  investigations  C.i 


cohesion,  .  ;  (ii)  angle  sliearing  resistance, 

. ;  and  (3)  gu  ss  weight  per  unit  voI_me,  ,  . 

The  values  o!  ei  e  pjiameieis  !jr  an  actual 
Soli  ill  liie  lieiiiiiy  of  .i  foundation  subjecteo  to 
either  static  or  dyumic  loads  may  depend  on 
many  factors,  including  such  items  as  grain- 
size  otstribution.  permeability,  strain  rate 
-S.hape  -u  stress-strain  carte,  later.al  pressure, 
etc.  Tlie  assu.mption,  w.iu  li  could  prove  to  be 
“Tt’-em-  ly  opti.rbsliC,  is  that  other  research 
studn  ,  will  proi'ide  methods  of  relating  the 
selected  paraii.eiers  to  the  various  (actors 
which  can  inf li;  ,  !'-.cm.  It  is  further  as¬ 

sumed  that,  ill  .  ij1,  this  infernal  shear 
resistance  follows  Coulomb's  law;  namely 

V  1-  »  -  tun  ; 

where  v  -■  shear  resistance  and  ■  =  norm.al 
stress  on  plane  of  shear, 

Ln  organizii:  Ibis  ..'.iper  the  aileiupl  has 
been  to  describe  bnetly  tl-e  research  which 
ha.s  bcen.ecnducted  D.asi-d  on  this,  recom- 
:  enuaiions  with  rei;:i'‘'i  to  design  procedures 
•iro  present-ed  Panieular  attention  will  be 
given  lu  the  liiiiitations  wh-tn  niuEi  accompany 
these  recommendations. 


AN’ALVIlC  KtSKAHCH 

The  analytical  work  has  been  based  on 
two  premises:  first,  that  a  crude  theory  is 
better  than  none  and  second,  that  experimental 
research  hho-jld  be  conducted  to  verify  nr 
disprove  the  aicdytical  work.  These  prem¬ 
ises  have  resulted  in  consideration  of  many 
theoretical  aof  roacoes,  rejection  of  some, 
modification  of  other,  and— it  is  hoped— an 
ever- improved  inalytir  understanding  of  foun¬ 
dation  behavior.  The  analytical  ajiproacheE 
have  been  Icisevl,  1.0  gi  neral,  u(xin  exleusion:. 
of  Ihi  -in  t;r.i’  ai':'ro,i(-lk  s  tor  static  loads  to 
lh  .‘  (iroblem  <if  .''/namic  loading. 

Rcbt  aic'i  into  soil  failure  has  followed 
two  related  bit  quite  distinct  approaches.  The 
first  of  these,  which  is  that  normally  used  In 
■oil  DiecliaAics.  postulates  the  existence  of 
slip  surfaces  ot  certain  simplified  forms 
Inio  aiiproach  .educes  the  problem  to  deter¬ 
mining  the  most  dtiiycrous  of  the  slip  surface" 
ha'dng  this  foria.  This  soil  mee'  •;  ,vp 
pi'oach,  whicli  has  little  theoietical  b  -sis, 
gives  In  many  instant es  e'  -  farb-.-  .  iii.swer.s. 
and  tlierefore  is  often  i.'ed,  Ihe  .  .  u  ap 

proach,  which  normallv  is  assorbue,^  -vith  the 
theory  of  r.irficity,  att  ■  tu  dt  ^  ,.  r-g- 
orous  theoretical  mctl,ods  of  troatlng  critical 
equilibrium.  The  plasKritv  approach  ailhougli 
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theoretically  bound,  is  limited  the  jbbjniii- 
tions  which  must  be  made  au;;  eomiilexd', 
of  the  matliematics  iiwolveu  u.  ...inin^  a  so¬ 
lution.  Hence,  the  plasticity  appi\,atn  can 
thus  far  be  used  to  solve  only  liriuc-d  prob¬ 
lems.  Both  of  these  aporoachcs  have  been 
extended  in  atlemptint;  to  predict  t'le  tiehavior 
of  footings  subjected  to  dynamic  loads. 

Most  of  our  initial  work  was  limi'.ea 
the  .-.oil  mechanics  tyjie  ol  failure .  i  e.,  select¬ 
ing  a  form  for  the  surface  of  failure  and  se¬ 
lecting  the  paiametei  a  defining  tt.a.  form 
which  failed  under  the  least  load,  first  using 
the  form  introduced  by  Andersen  for  one-sided 
lailure  [li  ana  men  imruduci.iig  the  concepts  of 
dynamic  forces  (2i  and  surface  overpressure 
[3l.  This  approach  was  also  extended  to  ec¬ 
centric  loaas  !<(.  For  all  of  the  above  the  one¬ 
sided  failure  patterns  were  used  because  they 
were  simple,  Ixicause  the  resulting  free  body 
was  rapab'i*  of  fonite  ciOlioii.  and  because  they 
are  representative  of  at  !east  a  portion  of  ac  • 
iuai  faiiuies.  riiVuri  *  SiiOws  the  enc  cidcv 
failure  paii^o  u  iiiciucing  ovei'pi-.sbuic  aiui 
cccciitriiiiy 
'I  ' 

'-f 


Any  .  oils idi  r.il ion  of  two-8idc<f  failure 
using  the  soil  mt-chanics  approach  must  lie 
limited  to  incipKiit  motions— or  must  assume 
crurhable  si.il.  Kiguies  2  and  3  shr >#  two  ,is- 
suiTied  failure  surfaces  wluch  were  considered. 

3 ho  III  St  assumption  (Fig  2)  is  bated  on 
Prandtl  s  pla.iticity  solution  Ifij  while  Hie  ser- 
owl  (tig  J)  i.s  b,..''e<l  on  hill  sill)  (il.iPHcity 

solution 

The  idaHticity  -olulions  for  statu,  loads 
ire  ctiaraclcri/ed  by  Hrandll'u  and  .Itil's  iio- 
iulior.  mentioned  ijiove.  An  w'ensivc  litera¬ 
ture  exists  rebitiiig  lu  theoretical  ajiproachea 
tc  I’ll  h  pioldi  CIS  .V  I'rnerat  method  of  a4i- 
proichit.i  such  prot'lciiis  i:i  contalnxl  In  a  bixik 
by  V  v,  $okcilovski  111  K».ti  .islonr  Isis 

*'  iiM'  iiyii.iMi.t  prooiei.i  have  recently 
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bee"  imtiaied  by  P.  Ct  Hode.e  fB|  and  A.  J.  M. 
bpenc  r  (i^j.  Actual  .li  pl  cinioii  of  these  ap- 
c-roacocs  are  limited  by  the  coiapie.xity  of  the 
h-  -erical  solutions  and  the  simp!  bications  in 
ihe  assumption.  This  method  cf  apjji'';.»ch  ap- 
;i«'ai-s  til  oifer  the  only  long-range  iioi'e  of  un- 
dci  standing  th"  .ictiia!  behavior  un-ler  dynamic 
li  ads— for  carrsnt  .ipplication,  however,  it  i.s 
i,[  little  value. 

All  of  the  above  has  related  to  critical 
etiuibbrium  considerations.  The  other  possi¬ 
bility  must  not  be  forgotten,  i.e.,  unacceptable 
settlement  prior  to  reaching  critical  equilib¬ 
rium  There  is  much  work  still  to  be  done 
here  m  relating  ’..eory  to  experiments.  The 
theoretical  aoproach  developed  as  part  of  our 
research  (10|  gave  results  differing  from 
those  observed  in  the  laboratory.  Both  the 
theory  and  iixperi meats  must  leniain  doubtful 
until  further  resi'arch  is  ai  laiile  to  clarify 
this  situcticn. 


EXPlilRlMliij'<  -  aL  KESEARCH 

The  experimental  investigations  have 
considered  the  liehavior  of  two-  and  three- 
dimensional  footings  on  cohesive  or  cohesion- 
less  soil  with  static  or  dynamic  loads  applied 
to  tlie  footings.  These  experiments  wr  re  con¬ 
ducted  to  verify  theoretical  studies  and  to  pro¬ 
vide  the  basis  for  further  analytical  ri  search. 
Sufficient  roiitrols  were  established  to  assure 
the  maximum  possible  reproducibility— stand¬ 
ard  and  special  tests  were  conducted  to  estab¬ 
lish  soil  properties,  several  identical  tests 
were  conducted  to  check  reproducibility,  etc. 

Figures  4  and  5  show  the  experimental 
setup  for  two-  and  three-dimensional  static 
tests  rospoi'i.ively  Figures  6  and  7  art  timi- 
lar  iihiitiig  I'liplis  with  the  dynamic  load  appa¬ 
ratus  in  (ilaee.  The  details  of  the  exjietimcntal 
apiiroach  and  its  resulta  will  not  be  included 
"uro.  Interested  readers  are  referred  to  re- 
poits  on  tile  project  [ll,t2|.  The  attempt  viil 
be  made  herein  to  outline  the  work  which  was 
done. 

A  series  i,l  three-dimensional  static  tests 
(B2)  were  conducted  on  dense,  dry  Ottawa  sand, 
rihure  6  snows  a  sketch,  val  Fig  9  .i  photo¬ 
graph,  of  an  e.xamplb  of  tliv.  tAirface  failure 
I'.iticrn.  Figure  '0  is  .i  ■  i  "•  thrci  load- 
deflcctli'n  curvcc  for  4  in  >  "quari  iixitiP'fs. 
Dynamic  loading  expenr  >  I's  wecu  lunaucu-d 
n  the  sanic  w.il  using  di‘o..,-ed  weights  (53 
.csts)  and  a  pneumatic-hydi-aulic  dynamic 
loading  device  (47  tests)  shown  m  f  ig.  7 
Force  time  and  d'splacem'iit-tiine  rncoixls 


Static  setup  on  glass  box 


Fig.  1C*  Load-di«placeme&t  m«*«urementa  lor  4-incbosquArc  footings 


Fig.  II  •  Rocordt  for  4>ia(.h  x  4*iACh  looting 


^  ig.  IZ  •  Snrfnco  nftor  drop  test 

m 


A  ig«  ii  -  2»urlace  After  iynamic  load 


for  t>'  (ootlne*  Mbjected  to  djmamic  load* 
wurc  abt;uaed.  Figure  11  shows  a  record  for 
a  dynamically  loaded  footing;  the  top  trace 
beu^  th'f  force  and  the  bottom  the  displace¬ 
ment.  I'lgures  12  and  13  show  a  footing  failed 
'.-.y  a  drooped  weight  and  by  the  dynamic  load¬ 
ing  machine,  lespecilvely. 

Two-dlmensiuial  footings  in  the  glaaa 
box  have  been  tested  under  static  and  dyuunle 
loads  using  both  cohesiooless  and  cohesive 
soils.  Altia. -r^i  some  meaningful  «i'iantitattve 
measurc-iere  i  were  obtained,  It  was  feM  that 
the  mam  purpose  of  the  two-dlmeMtooal  teats 
were  the  visual  observations,  still  photography, 
and  Fastex  movies  obtained  during  these  ex¬ 
periments.  Figures  14  and  IS  show  ons-stded 
and  symmetrical  (allures,  respectively,  (oi  a 
statically  loaded  fooii.ig  on  dense,  dry  Ottawa 
sand.  Figures  16  and  17  show  a  sequence  of 
photugraph*!  tahen  from  Fastex  film  (or  t:  foot- 
mg  on  tm.  anme  ao.i.  Both  static  and  dynamic 
teats  hava  also  been  conducted  on  iooee  Ottawa 
sand  and  cotMsivv  materia! 


INTEKPR£TAi'ON  OF  REflUT.TS 

The  static  experiments  la  part  are  di¬ 
rectly  comparable  to  the  accepted  theories 
(l3|.  Ths  first  maximum  on  the  Icad-deflocticn 
curves  oi  Fig.  10  represents  ths  bearing  ca¬ 
pacity— the  quantity  predicted  by  the  theories. 
Using  the  soil  profMrtiaa  determined  by  tr|. 
axial  tests,  it  was  posslbia  lo  co-relato  theory 
and  expertmsnt  (or  the  aUtIc  experiments. 
Rowevsr,  ths  first  maximum  of  the  load- 
dlaplncsmsot  earvs  rsrreasnit,  as  can  be  sren 


from  Fig.  10.  culy  pai  t .«  the  «*ory.  The  sub- 
r  lueoi  decrease  and  Still  later  increase  In 
.oad  w|Ui  increased  di  .'’uction  is  ot  consider¬ 
able  importance  in  undcrcia  .dinft  footing  be¬ 
havior.  Large  defl'ictions  have  not  prevlouely 
been  of  interest  and  hence  theoretical  and/or 
experimental  studies  have  considered  only  the 
behavior  up  to  the  first  maximum.  Static  ex* 
periments  associated  with  ARF's  Invectlga- 
tlons  have  provided  aonw  Information,  but  a 
complete  uulerstandlng  must  depend  on  a 
theoretical  'ipproach  and  wlU  undoubtedly 
require  adriltional  experimental  studies. 

The  dynamic  tests  were  of  primary  inter¬ 
est  (or  the  research  considered  herein.  The 
Initial  dynamic  tests  made  use  of  a  dropped 
weight.  Figure  lb  shows  that  the  settlement 
versus  the  drop  height  is  linear  for  each  foot¬ 
ing  size  when  the  dropped  weight  remains 
constant.  Because  of  the  limitations  on  tlie 
instruments  used,  attempts  to  record  the 
force-time  history  (nr  the  dropped  weight 
were  not  successful.  It  was  post.ible  to  cor- 
rslale  luass  tests  « ith  the  static  testa  by 
means  of  an  energy  approach  (14).  The  neaa- 
ured  behavior  can  be  explained  by  assuming 
that  ths  dropped  weight,  the  footing,  aai  a 
of  soil  move  i  uingle  Ixidy  after 
cunU’ct. 

dubsequeot  dynamic  experiment  .>  were 
conducted  using  the  pnr-  matic-iiy  <i)lc 
dynar'ic  loading  device  dleourseU  H,)r. 

For  these  tests  both  (irce-time  fetal  <  irlemeiii.- 
ttms  curve*  were  utia'n*d.  These  C'.,-erl- 
msnts  .r..  currently  being  concluded  and  ihe 
parallel  analytical  studies  are  only  partially 
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Ki(.  It  •  Drop  hei(ht  vt.  •«UI«inent  lor  aquorr  footing*  <ilrop  weight  *  11.2  pound*) 


DESIGN  RECOMMENDATIONS 

Th«  rpMarch  reported  here  hae  provided 
much  dau  regaidlnc  the  behavior  of  footings 
subjected  to  dynamic  loads.  It  haa  been  de m- 
onatrated  that  the  bearing  capacity  of  the  foot¬ 
ings  tested  In  the  laboratory  under  static  loadH 
behave  in  accordanc.*  with  theory.  The  behav¬ 
ior  under  Uatic  loads  at  increased  deflection 
has  been  measured  but  as  yet  is  not  amenable 
to  analy'tical  explanation  In  this  respect  ths 
osst  that  can  be  claimed  at  present  is  a  quali¬ 
tative  understanding  of  this  behavior. 

In  the  case  of  dynamic  loads  on  footings 
the  reseat  ch  has  tn  many  respects  been  pri¬ 
marily  negative.  Differences  were  observed 
in  the  failur**  modee  asaoriated  with  identical 
oieplaconrtnte  <tndor  sta  le  :  ;.d  dy.iainlc  lofuls. 
For  the  came  footing  and  conditions  the 
dynamic  resiatanc  -dlspl.  . '  r.cnt  Curves  can 
be  of  different  ehhpe  an'i  ' '  ..lude  the 
^Ic  curves  (Fig.  19).  Oi  p.<>^icular  interest 
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completed.  Using  dynamic  equations  for  foot¬ 
ings  developed  earlier  (U.isl,  it  is  posedile 
to  numerically  determine  the  resistance- 
displacement  curve  of  the  footing  for  each 
applied  force  time.  This  approach  is  based 
on  the  assumption  that  the  resistance  is  de¬ 
pendent  only  on  the  displacement  F’gure  19 
shows  the  resistance  dispiaccment  curve  for 
4  iiich  X  4  i.xh  footings  on  dense  sand  sub¬ 
jected  to  four  similar  dynamic  loads.  The 
scatter  of  points  for  any  particular  footing  is 
a  function  of  the  measuivraeats  and  numerical 
solutiron— a  single  curve  appears  tc  fit  all  of 
these  points  relatively  successfully.  The  av¬ 
erage  stailc-resistancu  curve  tor  the  same 
sise  footing  (Fig.  10)  is  also  showtt  in  Fig.  14 
Tlie  dynamic  resislance  displacement  'e  Itryei 
than  the  static  leklMancs-dlsplaceinent  curve. 
This  IS  '■omrarv  to  what  •*  encountered  (or 
many  other  materials,  e  g.,  steel,  timber,  etc. 
At  least  intuitively  ons  ciiuid  explain  such  ue- 
havlor  in  a  manner  similar  lO  ’V.-rest"  aiKl 
sliding  friction. 


DCFlCCTiOM  IiNI 


19  *  KrBi«tAriC«r>tlikplac«ment  curves 


in  t><'.  -espect  i*  the  fact  that  th«  dynamic 
r^FiiRtance  can  be  lesc  Uian  the  static  lesint* 
ance.  Such  otlwr  forms  of  resistance  as  may 
exist,  those  deijcndent  on  velocity,  would 
tend  only  to  reduce  the  dynamic  reslstarce 
■  i.  n  ninre.  The  test  data  did  confirm  theo- 
ret'c.i!  studios  iiidicuiing  that  the  inertial 
effects  are  neitiiinblc  fur  moat  surface  foot* 
ings.  It  shmdd  hw  emphasized  that  interpre¬ 
tation  of  the  dynamic  experiments  are  only 
partially  ccirr'!*ted  and  that  the  soils  consid¬ 
ered  above  a.  imited  to  dry,  dense  Ottawa 

S9nd, 

Recognizing  all  of  these  llmltatloas.  It  is 
still  recessary  to  provide  a  current  method 
lor  use  hy  footing  designere  For  this  deelgn 
It  is  suggested  ttuct  no  Increase  or  derreaae 
in  the  rc.s:stance  l>e  iniriduced  to  account  for 
the  dynamic  ciiaracleristics  of  the  applied 
force.  Ii  is  recommended  that  the  normal 
"t-itic  propur^les  for  the  enll  be  used  with  the 
appropriate  shear  failure  la  the  c<  il  under  the 
fouiinga. 

Air  preesure  acting  on  the  surface  in  the 
vicinity  of  Uie  fr,<..cini;e  may  aignificantly  influ¬ 
ence  the  behavior  of  the  footing.  It  ie  recom¬ 
mended  that  the  peak  nverpreseure  be  treated 
aa  a  static  overburden  and  introduced  ae  a 
modification  Into  ixirmal  bearing  capacity  for¬ 
mulas.  Thrt  s  condttioae  (or  this  overpreeaure- 
induced  overburden  must  be  '  oneldered:  (1) 

*1  \t  tliere  ii  none  (e.g.,  interior  (ooitngs),  and 
lenrc  the  normal  bearing  capacltjr  auluiimifi 
apply;  (2)  that  the  overpresaure  acta  on  the 
entire  au.-faca  aurrounding  the  footing  (e.g  ,  a 
(u<Alng(oranaate'ui«),aitd  henraamndlflcalickt 


muat  be  added  to  ths  not  mal  bearing  capacity 
.-  Mutions:  and  (3)  that  ;he  cverpreasure  acts 
oa  one  side  of  the  footing  (e/*. ,  an  exterior 
looting),  and  hence  a  mudiiicaiiui  must  be  in¬ 
troduced  for  both  (he  magnitude  and  eccen¬ 
tricity  of  the  additional  evorburden  (generally 
this  will  mean  a  one- aided  failure  away  from 
the  overpressure) 

Once  the  overpressure  is  included  in  one 
of  the  abovA  ways,  the  ultimate  capacity  of  the 
footing  can  be  computed  by  normal  means.  It 
should  be  noted  that  the  locations  of  the  failure 
aurfacee  will  depend  on  the  overpressure  as 
well  as  on  the  nature  of  the  forces  ai)t>lied  to 
the  footing.  For  essentially  downward  forces, 
including  those  which  are  Inclined  and  eccen¬ 
trically  applied,  this  represents  a  straight¬ 
forward  nuidifuvlion  of  the  procedures  used 
in  static  design.  The  extent  of  complexity  In  - 
voived  in  Introducing  Uwse  modilicaliuns  will 
r>r7  depending  on  the  specific  situation.  For 
incllnctl  and  eccentric  loads,  the  i.jlutlons  ars 
complex  even  for  normal  conditlona  and, 
hence,  will  be  complex  here.  On  the  other 
hand,  for  vertical  forces  and  overpressure  un 
the  entire  surface,  the  modUlcetloa  Is  trivial; 
e  ,  i'erzaghi'a  (ormuln  ( 16)  can  be  modified 
by  m.'luding  Uie  overpreeeure  ae  an  additional 
overtK  rden. 

n  la  felt  that  the  behavior  of  undsr 
dynamic  loads  is  better  understood  <:  u  the 
behavior  of  qiread  foottnga  under  ’  .me 
loads.  This  Is  not  to  eay  that  Un  '.luiia  *or  of 
ptlea  under  iynamic  Ina^c  Is  coinplst>.:y 
understood— even  e  cursory  survey  of  tho 
current  litoi.iture  would  luickly  demonstrate 
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that  it  is  not.  However,  at  least  a  qualitative 
u>y)erBtanding  of  the  behavior  is  available. 

One  primary  requirement  in  a  dynamic 
analysis  is  knowledge  of  the  resistance  dis¬ 
placement  provided  by  the  foundation.  Tor 
pile  foundations,  it  appears  reasonable  to 
neglect  settlement-t^e  dlspUxements,  since 
settlement  would  be  expected  to  be  essentially 
elastic  and  to  be  due  primarily  to  shonening 
of  the  piles  themselves.  Resistance  c.ui  '>se 
along  the  lengtn  of  the  piles  and  at  the  potm. 
An  i.itcra/:tton  between  resistances  from  these 
two  sources  prevents  simple  additiou  of  the 
resulting  rcsiManccs.  Since  Uie  piic  changes 
lcr4;th  under  loaal,  it  is  reasonable  to  assume 
that  tl.e  full  resistance  along  its  length  muM 
be  developed  before  the  point  can  transmit 
forces,  ^rthermore,  based  on  observations 
of  piles  driven  into  clay,  it  is  assumed  that 
the  cohesion  along  the  length  of  the  pile  dis¬ 
appears  with  Imtiai  muveiiMiil.  This  mean* 
th^  the  initial  resistance  uiiured  by  a  pile 
equals  the  'riction  and  cohesion  along  its 
length.  Before  any  resistance  can  be  offered 
by  the  point,  the  cuhesiun  disappears,  re'sul' 
ing  in  a  maximum  resistance  equal  to  the  point 
bearing  resiaiajxc  and  the  friction  along  the 
length  oi  the  pile. 

1  nc  pc  J(  reelstanee,  therefore,  is  either 
the  combinaiion  of  cobeeion  and  friction  along 
the  pile  or  the  combination  of  the  (rietion  along 
the  pile  and  the  point  bearing  capacity  If  mo¬ 
tion  of  the  foundation  is  to  lak*  place,  the  peak 
foic  'nplied  to  the  pile  must  equal  or  exceed 
ibe  p<ajc  resistance.  The  resistance  associ¬ 
ated  ftth  sidieequent  displacement  would  be 
the  friction  along  the  pile  added  to  the  point 
resiOauce.  The  same  aanumptlcne  are  used 
(or  a  pile  group,  taking  the  base  of  the  entire 
group  (or  the  point  resistance  and  the  outside 
ores  oi  the  pue  group  in  calculating  the  cohe¬ 
sion  and  friction.  Both  individual  pile  failure 
and  group  p.!e  failure  should  bs  coosidsrsd, 


with  the  mode  of  failure  requiring  the  lowest 
lead  being  selected. 


CONCibUSIONS 

The  recommendation  nf  the  previous  sec- 
tioii  represents  perhaps  the  simplest  approach 
that  could  be  suggested.  This  simplicity 
should  not  be  allowed  to  deceive  the  reader— 
the  problem  cf  foundation  analysis  and  design 
is  far  from  being  solved.  The  research  dis¬ 
cussed  in  this  paper  has,  it  is  hoped,  given 
some  indicatian  of  the  possible  pitfalls.  It  is 
the  author's  opinion  that  oUy  improved  theo¬ 
retical  understanding,  supplemented  and 
guided  by  experimental  slwliee,  can  uifer  hope 
lor  satisfactory  solutions. 

In  applying  even  the  simplified  design 
cedures  of  the  previous  section,  care  should 
bo  taken  to  insure  correct  a>r'iications  of  static 
eolutions  for  foundation  failure.  Many  struc¬ 
tural  engineers  lack  familiarity  with  soil  me- 
chemics  and  too  uiten  incorrect  methods  are 
used  or  correct  miutiaos  axe  applied  to  the 
wrong  problem.  As  an  example  of  this  con¬ 
sider  footing  designs  bssod  on  a  specified 
bearing  pressure— this  approach  has  no  basis 
in  theory  since  bearing  capacity  depends  on 
(ootijv  sisc  and  dapth  in  addition  to  soil  prop¬ 
erties.  Similarly  maagr  tabulated  cr  plotted 
solutions  are  sultsbie  only  under  coulitiens 
which  may  net  be  clearly  stated. 
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PROTECTIVE  CONSTRUCTION  BY  PROVEN  COMPONENTS* 


Captain  Ualph  H.  bievera.  Jr.,  U.S.  Army 
Unitr -t  States  Army  Fr<,<ui*-  ‘r  Resaa*  ch  and  Developm-jnt  i.aboratnries 


i’hc  Uii.  cd  States  At -r.y  Engineer  Research  and  Drvelcpnte'.t  Lahora- 
tones,  in  conjunction  with  the  Engineer  School,  have  developed  a  flex¬ 
ible  system  foe  protective  -  onstractica  dcsini*  and  employment.  The 
principal  basis  of  the  system  is  th.  use  of  structures' .snd  structural 
components  which  nave  had  their  resistance  to  blast  etfects  proven  by 
various  nuclear  tests.  The  components,  of  basic  construction  materials 
.11  prciabricated  shape's,  are  geuei.iily  such  that  they  car  be  assembled 
I  into  a  full  structure  by  relatively  unskilled  labor  under  competent  di- 

II  rection.  This  system  of  detign  has  been  set  forth  to  fulfill  a  need  fc- 
flexible  and  proven  designs  v'ltho'at  tull-scalc  tesi.s  on  each  protc.  ./e 
structure. 


INTROUUCTIOH 

Th«  ■yat«m  aeta  'orth  lajmillea  of  atruc- 
and  atruclural  compooanta  which  are 
deBigned  to  permit  tha  engineer  In  the  field  to 
adapt  to  the  ratiuiremeota  eatabliahed  for  a 
protective  atntcture,  thoae  componeota  which 
moat  artequataly  ault  hla  oanatruction  force, 

V  '  talei  Ml  luiii  limv  a,..iU&!c,  »<l  the  fuae> 
tioiau  criteria  placed  upon  the  atructure.  The 
atr  Ktui  vB  awi  alnMilural  compoiunta  are,  In 
general.  Independent  of  each  other  and  range 
In  complexity  from  naatable  corrugated  pipe 
to  rrehad  relnforuad  concreU  conatniction. 
Tha  alructura*  calegortea  of  componenta  uaed 
arc;  he  b.-.slc  atructure,  I'ntlwalls,  entrance 
conllguiatiuna,  blaat-resiatant  doors  and 
frames,  snd  floors  The  ayatem  providss 
illuatratiuna  of  each  choica  within  each  cate¬ 
gory  and  linlH  Iheae  clioicea  iii  tha  order  iu 
which  thalr  usage  ehoulri  be  C'  isldered.  This 
rarkU^  for  aelectioa  porpoeek  hae  been  eatab- 
llahed  tsr  m  aaalyele  of  Uat  reaulta  and  from 
dciiip'.  and  cooatructlon  conalderationa. 


THE  DUIGN  SYSTEM 

Tha  baalc  guide  to  protective  structure 
design  is  presentod  as  Table  1,  Protective 
Structurea  and  StPirtural  Cemponenta.  "  he 
syHtam  piwMiAa  taalgna  for  earth  berms 


which  permit  seir'buried  structures  to  be 
protected  to  a  degree  Uiot  they  will  react  as 
though  they  were  fully  buried  and  consequently 
permit  racl.  structures  to  be  de.'dgned  from 
Table  1.  Tl.  j  empirical  results  of  Nevada  and 
lilolwetok  nuclear  teats,  and  of  high  explosive 
and  nondestructive  vibration  test  programa, 
have  been  uaed  as  the  principal  design  criteria 
for  the  BtructuraJi  elements.  The  system  pro- 
aenta  designs  for  each  of  the  structures  and 
structural  compoaenls  that  eaaentlally  permit 
their  selection  without  consideration  for  the 
choices  D  ‘  1e  in  the  other  categoriea.  Fur 
example  optimum  eodwall  design,  that 
which  Is  ~  jnan  supported,  may  be  employed 
with  a  basic  structure  of  circular  reinforced 
concrete,  corrugated  steel,  or  other  design. 
Each  of  the  basic  structures  and  structural 
components  preMsled  is  illustrated  in  the 
system  oy  snocillc  designs  which  in  general 
allow  dimen^ons  to  lx  varied  and,  thereby, 
tha  construction  of  various  slr.s  structures. 
Theory  which  has  bsen  developed  from  toe 
various  test  programs  or  from  dynamic  and 
ultimata  atrsngth  Wats  has  been  used  to  ex- 
irspoUia  or  ~*harwtte  derive  designs  or 
dimensions  for  which  no  test  results  upon  an 
identical  •.lement  were  available. 

A  brief  devilspmii’'  ■  T  the  tact,  theoiT, 
and  empirical  bocl^rcx.  ic  H  one  typo  of  one 
stnirtursl  rnmpcmni  t ,  •.  .■entot'  •*-«  an 


'ThiB  p«p«r  was  not  pr«B«rt’-  I  at  thm  Symposium. 
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Protective  ^ructures  and  .'^ll-uctural  Csmponentti 


example  of  the  procedures  employed:  the  de¬ 
sign  of  corrugated  steel  circu'jr  and  arched 
basic  structures  and  entrance  sections. 
Structures  of  arched  corrugated  steel  con- 
stmctiod  have  failed  under  nuclear  blast  pres¬ 
sures  in  the  compressive  mode,  indicative  of 
fully  boned  conditions.  Compressive  mode 
failure  has  been  evidenced  in  these  structures 
by  bearing  failure  of  bolts  joining  pliilvs  in 
lorgitudinid  seanris.  Static  load  tests  ot  -'-h 
boiled  loints  for  different  thickn.csscs  of  plate 
ana  spac.ng  oi  bods  were  used  to  relate  the 
ultimate  strengths  of  the  corrugated  steel 
sections  for  various  ^age  plate.  Ine  tangential 
stress  m  true  arch  act'on  due  '.o  uniform  load¬ 
ing  at  the  ground  surface  varies  linearly  with 
the  radius  of  the  curved  section.  A  spectrum 
of  design  for  sucli  structures,  circular  ural 
arch,  can  thus  be  developed.  The  computed 
static  ultinmle  strength  and  the  peak  over¬ 
pressure  at  grotind  surface  were  used  for  de¬ 
sign,  justification  being  the  positive  nuclear 
test  resu'ts.  The  apparent  effects  of  atterua- 
tisn  of  overpressure  with  depth,  a  long  re¬ 
sponse  ti.me  ol  a  buried  structure  when  tin 
surro'inding  soil  responds  willi  the  structure, 
and  the  incrcaseil  yield  stresses  la  steel  un¬ 
der  dynamic  loading  may  iave  combined  to 
in'-!  1' me  the  actual  resistance  of  burled  struc¬ 
tures  well  licyonl  that  previously  determined 
by  theory.  I'ne  results  oi  this  ilesign  study 
was  a  readily  used  graph  for  corrugated  steel 
structure  selectloa  (Fig.  1).  A  limitation  Is 
pet  i  n  tne  use  of  the  graph  tc  structures  of 
(iu  t'ot  radius  or  lesa,  due  to  the  lack  of 
t<  sts  on  structures  of  greater  radius  and  be¬ 
cause  the  vulnerauiliiy  to  flexural  action  ol 
such  a  structure  increases  as  thu  square  ol 
the  radius  while  the  .-ulnerablUty  to  compres¬ 
sive  failure  only  increases  directly  as  the 
radius  of  the  structure. 

tltiliiies  anti  emergency  equipment  to  be 
employ tsi  with  a  protective  structure  designed 
ur.ier  this  system  arc  slrallarly  preseiried  is 
components  to  the  field  engineer.  As  with  the 
ctrurtu'^J  comroaetits,  selectloa  has  been 
baled,  where  necessary,  on  positive  results 
of  nuclear  and  high  explosive  teeu.  The 
emergency  cNuIpniem  and  suKil'es  are  present 
standard  milita^  supply  Items.  The  use  of 
thess  Items  for  rteslgn  is  dependent  on  thu 
Intended  structure  empluymunt  and  is  adapt- 
.'thle  tc  the  cuniblnatlon  ol  structural  cu>«i>»- 
nents  which  may  have  been  selected.  The 
testing  and  developments  of  the  Chemica' 

Corps.  Slsnal  Corps,  and  th?  Cuips  of  Engi¬ 
neers  have  been  utilized  to  insure  adequacy 
and  elfectivenesa  of  the  cumiiononts  and  con¬ 
sequently  of  the  completed  protect  ve  struc¬ 
ture.  Ir.  addillcn  to  ths  table  lor  ia»ecttv>n  of 


i  ilities  and  c.'osures  based  on  structure- 
utilization  (Table  2),  the  fy-slera  presents  t.be 
basil  ngiPeering  and  dimension^  data  liiat 
tiifc  iield  engineer  would  require  to  adequately 
design  a  structure  to  ful'iU  the  requirements 
placeo  upon  it.  Such  data  is  presented  as  lliu 
B.T.U.  output  t  ^  thd  generator  cooling  sys¬ 
tems,  the  phyuicai  dimensions  of  the  military 
standard  generators  and  tiieir  fuel  and  oil  uuii- 
•sumption,  the  human  engineering  factors  of 
required  air  supply  volume,  critical  temper¬ 
ature  and  humidity  requirements,  food  and 
vaier  supply  criteria,  the  dimensions  of 
sundv.rd  rations,  and  the  various  means  of 
effectively  incorporating  the  utility  require¬ 
ments  into  the  basic  structure. 


ILLUSTRATIVE  EXAMPLE 

An  illustration  of  some  oi  tiie  structural 
and  utility  components  and  the  intended 
usage  of  the  8\  stum  of  design  by  components 
ir  provided  by  a  sample  design  problem  such 
as  may  l-e  f M-ed  by  the  field  englneei-.  For 
this  example  a  continuous  occupancy  working 
station  has  beau  aclectrrt  Typical  require¬ 
ments  of  such  a  structure  might  be  as  follows: 

(1)  Serve  cootinuously  as  command  ))ost 
and  communications  center, 

(2)  Provide  approximately  1000  square 
.feet  of  floor  space, 

(3)  Be  capable  of  providing  for  the  long- 
duration  occupancy  of  up  to  two  weeks  for  six¬ 
teen  personnel, 

(41  ProWue  protection  in  the  side-on 
overpressure  range  of  SO  pst. 

It  is  assumed  that  the  design  Is  not  restricted 
by  limitations  of  matciial  availability. 

The  initial  step  ox  the  field  engineer  is  to 
go  to  the  UJble  for  selection  of  utilities  and 
closures  oasad  on  structure  utilization  (Table 
2),  where  the  various  utilities  and  tiie  recom¬ 
mended  entrance  configumtlon  are  presented. 
The  recommended  entrance  configuration  is  a 
vertical  pipe  with  two  blast  closures  and  an 
emergcr'’y.  filled  pipn.  To  ruUill  the  utility 
rtxxuiieojer.ts  separa*'  »!cnwe«  for  a  latrine 
and  for  the  generator,  cxh  iiist  Tan,  xnd  fuel 
storage  will  bj  l''iilt.  I  .  Ur  'ntake  unit  may 
be  placed  below  iluor  io  'thin  the  basic 
structure  a.i  it  le  with  uiccric  ic-.'.'-r 

rlvD.  Varl-  storage  bun  will  be  provided 
oelow  the  basic  siruclure  fiuui-  lu  fulfill  food, 
water,  md  other  requirements. 


steel  thickncsv  inches) 


The  next  step  is  the  actu^  design  of  the 
basic  structure  with  its  structural  concxinents. 
Reference  to  TaL'Ie  1  provides  the 
for  this  design.  As  the  circular  corrugated 
eteel  section  is  too  small  to  provide  the  floar 
area  to  satisfy  the  space  requirements,  cor¬ 
rugated  steel  arch  is  selected  fur  the  basic 
structure.  The  actual  radius  and  gage  selected 
is  depeiidc.1t  on  the  stock  available  and  the 
graph  (Fig.  1)  requirements.  For  this  e.xam- 
ple.  ut'Mie  12-1/2-foot  radius  corrugated 
steel.  From  I  ig.  1,  12-1/2-foot  radius  and 
50-psi  overpressure  require  a  steel  thickness 
of  seven  gage.  Alcove  j  for  tii:  latrine  and 
generator  and  the  entrance  configuration  tun¬ 
nels  may  be  i::adc  of  the  circular  corrugated 
steel.  The  thicknesses  of  these  components 
shown  on  the  various  illustraiing  figures  were 
selected  using  Fig.  1.  The  type  of  endwall 
employed  is  partially  dependent  upon  the  di¬ 
mensions  of  the  structure.  The  basic  struc¬ 
ture  of  12-1/2-foot  radius  will  employ  a 
dcadman- supported  type  endwall  to  prevent 
loi'j;'.  '(linal  loads  upon  th-c  h-sic  structure. 

As  the  longitudinal  loads  imposed  by  an  ond- 
wall  are  not  as  severe  on  the  smaller  struc¬ 
ture. these  structures  may  employ  structure- 
supported  endwalls.  As  can  be  seen  from  Fig. 

'  thi.  o'ncr.'tor  alcove,  an  endwall  with  earth 
at  angle  ol  rci'os?,  is  sometimes  most  conven¬ 
ient  and  it  can  fulfill  specific  requirements 
fur  entry  of  utilities  into  the  structure.  The 
main  entrance  c.uifiguration  employs  an  air¬ 
lock  to  prevent  structural  damage  shocJd  a 
closure  be  n  at  the  time  cf  blast  arrival. 
The  ‘.’ni*  fgenuy  exit  is  to  be  a  pipe  filled  with 
sand,  01  relatively  small  diameter,  to  keep  to 
a  minimum  the  amount  of  sand  which  must  be 
removed  to  employ  the  exit.  A  small  diameter 
will  also  keep  the  emergency  exit  flexible  and 


allow  it  to  be  made  of  a  thin  gage  steel.  The 
blast  I'esistant  closures  to  be  e  iiployeU  are  to 
be  fabricated  •om  flat  E*eel  sto  ik.  The  nature 
of  this  design  t.an  be  seen  in  the  entrance  il¬ 
lustration  (Fig.  3).  Lice  to  Uie  below  floor 
placement  of  tnc  filter  unit  and  storage  bins, 
a  sectional  wood  floor  is  selected  for  the  basic 
structi.'-e.  The  entrance  configurations  and 
generator  alcove  need  only  use  an  earth  floor. 
For  sa.r.tation,  the  latrine  alcove  should  have 
a  1 .etc  floor. 

The  final  assembly  of  the  various  compo¬ 
nents  is  illustrated  iu  Fig.  4,  the  floor  plan  of 
the  continuous  occupancy  working  station.  De¬ 
tails  rf  portions  of  the  structure  illustrating 
const  uction  or  utilities  placement  are  siiown 
in  Figs.  2  through  5.  The  structure  is  not  set 
lorth  as  a  prototype  and  it  is  doubtful  that  an 
idemical  structure  will  ever  be  built.  This 
structure  and  similar  structuies  that  I'an 
bs  designed  from  the  tables  cf  utilitv  'tnd 
structure  components  do.  however,  take  ad¬ 
vantage  of  ten  vears  of  nuclear  tests  and  con- 
t'luing  noiajesiruciive  ana  high  expiusive  test 
•programs. 

CONCLUSION 

The  basis  of  protective  construction  by 
proven  romponentn  is  flexibility  and  positive 
test  results.  Proof  tests  have  not  been  con¬ 
ducted  of  prototype  structures  which  would 
suit  every  requirement  of  military  or  civil 
construction.  Sufficient  tests  results  are 
available,  however,  on  various  components, 
structural  shapes,  and  canstruction  methods, 
that  satisfactory  design  tools  can  be  made 
available  to  the  field  engineer  to  meet  his 
construction  needs. 
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CONSIDERATION  OF  COSTS  AND  CAP  ABILITIES 
OF  PROTECTIVE  STRUCTURES* 

R.  B.  Vailc,  Jr. 

Stanford  Research  Imtitotr 


The  actual  capability  of  a  protective  structure  is  impossible  to  deter- 
lutue.  except  by  a  test  which  destroys  it,  and  even  the  design  objectives 
•ire  ar lived  at  only  with  gteat  difficulty,  and  commonly  with  important 
legitimat*.-  diff-reners  of  opinion.  One  ot  the  concerns  in  stating  design 
objectives  is  the  comparison  of  the  importance  strength  against  a 
sinele  shot  with  strenrth  against  n'*jltiple  shots.  This  romparisoc  i 
amenable  to  treatmi  o.',  a  very  broad  basis  ai.d  lead^  '•'  the  conclusion 
that  while  it  is  appropriate  to  increase  the  cost  of  a  sliucture  ZO  per¬ 
cent  or  more  to  achieve  double  s'- i.ngth  igainst  «  single  attack,  less 

(than  a  o-pcrcent  increase  is  ,  stilied  to  give  it  str-iigth  against  two 
attack.!  rather  than  one. 


t'rbtCstiv*  atnicturea  differ  in  two  im¬ 
portant  resfh  otn  from  conventional  atructuree. 
Aa  2  iieneral  rula,  tha  methoda  of  deaign  and 
conatruction  of  atandard  atructurea  have  been 
teMcd  aud  proved  bjr  actual  experience.  New 
rus.' ..  da  or  departuiea  irum  proven  proce* 
ilur«d  have  been  ueed  with  cautloo  and  their 
widespread  application  haa  ordinarily  awaited 
conflrmatioo  of  their  validity  by  the  teat  of 
time.  The  firnt  diatinctitr'  of  protective 
atructuiea  }f  that  relatively  large  uncertain¬ 
ties  of  design  (and  loading)  exist  ar<d  that  it  is 
not  txissiblc  to  obtain  confirmation  of  design 
by  experience. 

In  most  pcoblem*  of  ntnictural  design 
ihe  dirootfnn  of  Increa.srd  safety  is  obvious. 
Ordinarllv  ihis  is  accomplished  clmp!y  by 
addl.id  more  concrete  and  steel.  The  struc¬ 
ture  Is  'liaafad  up."  Notable  exceptions  tn- 
ciude  earthquake-  and  wind-resistant  struc¬ 
tures  and  airplanes  and  dirigibles.  By  and 
large,  the  eaceptinne  are  sltuAtions  in  whlcn 
inertia  forces  involving  components  of  the 
structure  are  Important.  In  tiiase  caJes  mer* 
bcaflng  up  docs  not  necessarily  Uupruve  safety 
and  can  even  decrease  It.  Protective  struc- 
lures  are  genericaJiy  in  this  cl  uu. 


Thus  in  protective  constructlcn  designed 
to  withatand  megaton  weapons,  it  is  not  pos- 
fiible  to  check  the  validity  of  the  design  by 
iHibJecting  the  structure  to  the  actual  loads  it 
is  intended  to  withstand,  and  the  direction  of 
enhanced  capability  is  by  no  means  always 
clear.  In  addition,  the  total  expenditure  of 
effort  and  money  in  protective  structures  In 
this  country  during  the  next  decade  may  well 
be  a  major  drain  on  the  economy  of  the  coun¬ 
try.  In  these  circumstances  it  Is  particularly 
important  to  obtain  the  maximum  of  protection 
for  every  dollar  and  every  man  hour  expended 
in  the  design  ind  construction  of  structures. 
An  aspect  that  further  confuses  the  situation 
In  protective  construction  Is  that  civil  and 
structural  onglneers  ccmmonly  operate  with 
factors  of  safety  ranging  roughly  between  l.S 
and  9.  To  tha  extant  that  a  factor  of  B3fct>  is 
precisely  knosm,  it  Is  entirely  acceptable  to 
the  analyst  and  planter.  However,  that  part 
of  the  factor  of  sa-V'y  which  represents  real 
Ignorance  of  me  true  strength  of  the  structure 
rcpres«:iv«  c.  potentially  serious  loss  of  effi¬ 
ciency  in  Ihe  use  of  fun  's  '•v*  eff'.'*!.  Thus  a 
structure  which,  for  examo'e,  begins  to  slicw 
distress  at  4(XI  pp)  can  o .  .'•<  scribed  as  having 
a  factor  of  safety  of  2  .ag:'!.  200-ost 


*Thi»  papvr  waa  iiol  pr  lacnlrd  .ii  »hr  Vyrnpoaiiim. 


situal.on  or  a  factor  of  safety  of  1.33  against 
a  300-psi  input.  On  the  other  hand,  if  ir 
compic  '  of  structures  designed  to  withsi-nd 
an  environment  ot  100  psi,  some  component 
structures  will  be  damaged  at  ISO  psi  whereas 
others  remain  undamaged  at  aOO  psi,  then 
efficiency  in  the  use  of  funds  has  suffered.  A 
"one  boss  shay"  design  is  the  ideal. 

The  question  of  how  many  attacks  a  struc¬ 
ture  shQuiU  be  designed  to  withstand,  and  now 
the  design  slioui'i  be  modified  for  m'Utiple 
attack  compared  with  single  attack,  is  very 
important  raid  is  intln  ’tely  tied  up  witli  effi¬ 
ciency  of  oiu  resnurre  expenditure.  Before 
entering  a  discussion  directly  bearing  on  this 
problem  it  is  worthwhile  first  to  cover  seme 
preliminary  aspects. 

The  designer  of  pi-otective  structures 
which  are  intended  to  be  effective  against 
near-surfaco  bursts  of  large  weapxis  finds 
himself  constrained  very  early  in  his  deliber. 
athMis  to  place  his  Uructures  underground 
wlvirever  posjible.  and,  fer  those  componerts 
which  require  surface  exposure,  to  design 
them  with  sViioutli  horizontal  surfaces  and 
with  a  iiJinimum  of  vcrtic.'il  exposure  above 
the  surrounding  level.  He  is  forced  to  do  this 
,;t  ;:u,',r:ly  r  e  of  wind  forces  or  dynamic 
pressure  due  to  air  movement  which  are  nor¬ 
mally  muc  h  more  severe  than  the  overpressure. 

While  the  total  regime  of  forces  on  in 
iinderground  -  traeture  is  complex  uoes 
not  alway'i  st.o,  directly  from  the  pressure  of 
the  air  at  the  9.u-tace  above  the  structure, 
peat  air  overpressure  is,  for  the  purposes  of 
this  discussion,  a  satisfactory  index  of  the 
severity  ot  the  input  to  a  protective  structure. 

Nearly  all  protective  structures  ire  com¬ 
posed  eltncr  entirely  ot  steel  or  oi  a  combina¬ 
tion  of  steel  sad  concrets.  If  structures  or 
1  nmpon  -ni-i  of  this  type  are  atftjectsd  sequen¬ 
tially  to  losns  or  tnpuis  oi  mc/easuig  magni¬ 
tude,  It  is  found  tlwt  for  loads  below  a  certain 
magnitude,  the  ealirs  structure  remains  within 
Ihs  els  -.le  range,  and  that  when  the  load  la 


xin  defsrsoce  to  Dr.  Herman  Kahoof  tha  RAND 
Corporation,  It  ie  asrred  tliat  the  firet  unite 
of  any  dreign  may  apnroprialuly  depart  from 
the  oa«-h«ee  ihay  ideal;  namely,  thoee  ete- 
mente  wh.ch  can  be  declgned  for  greater 
etrength  with  very  minor  additional  expense 
ahouid  be  eo  deeignad,  with  the  preeur'ioii'i'i 
Cu,:  1....1  i-oi.itructior.  -*,11  brin,-  the  remaii; 
der  of  the  unit  up  to  that  increaaed  atrength. 
Tha  one-hoee  ihay  deelgn  ia  ultlmataly  tha 
appropriate  ona. 


lemoved  the  structure  returns  exactly  to  its 
original  condition.  Obviously,  inputs  witiiin 
this  range  can  '<e  repeated  indofiniteiy  without 
damage  to  the  .  .nicture. 

As  still  larger  loads  are  applied  (and  re¬ 
moved)  the  first  thing  that  happens  iy  liiat  small 
permanent  deflections  occur;  and  as  the  loads 
are  hirther  increased,  these  deflections  be¬ 
come  larger  and  lerger  until  at  some  stage 

isf'  !  function  of  the  structure  is  seriously 
imparted.  While  in  some  cases  the  first  im¬ 
pairment  is  drs.naticallu  sudden,  and  coincides 
with  colla,ose  (in  column  buckling  for  example), 
it  usually  occurs  at  a  load  considerably  less 
than  that  which  causes  complete  collapse. 

Now  the  critical  property  >'•  protective  struc¬ 
tures  as  a  class  is  that  the  load  required  to 
seriously  impair  the  function  of  the  structure 
always  is  less  than  twice  the  maximum  elastic 
load. 

It  it.  to  be  noted  th  P  the  term  load  as  used 
here  can  be  either  dynar.iic  or  static,  that  is, 
ci'her  time- varying  or  constant.  For  dynamic 
•,ads  t*^  only  requtr.'>‘enl  is  that  in  com|iar- 
in"  the  maximum  elastic  !o.->-i  with  the  mini¬ 
mum  loail  causing  in.pairment  oi  iuactloii,  the 
same  time  regime  be  used  with  only  the  ampli¬ 
tude  at  each  Instant  being  multiplied  by  a  con¬ 
stant  factor  (in  such  case  the  factor  is  less 
than  2). 

The  next  bit  of  ground  work  for  the  anal- 
ysl-.i  is  a  consideration  of  some  weapons  char¬ 
acteristics.  The  peak  air  overpressure  from 
a  near- surface  burst  faUs  off  as  the  Inverse 
cube  of  the  radius,  b,  to.'  •man  a  and  as  the 
inverse  square  lor  large  B.  All  weapons  de¬ 
livery  systems  have  inherent  errors  and,  for 
our  purposes,  an  elementary  analysis  of  the 
probability  situation  is  sufficient.  In  such  an 
analysis  the  Ctlf  is  diiflned  as  the  radius 
Within  which  half  the  burst  points  will  fall. 

Figurs  1  shows  a  combination  of  the  over- 
pressure  as  a  function  of  radius  *Qgethsr  with 
Uie  prohablllfy  that  fur  any  con  shot  the  radius 
will  be  greater  than  the  indicated  value.  It  is 
to  be  noted  that  both  of  these  curyes  are  nor¬ 
malised  to  the  CEP.  t  Now  since  the  two 
rurves  on  Fig.  1  have  the  cane  abscissa, 


twhiU  th«  precia*  v*l»«»onth-  -iv--'-reirurc 
curv*  may  ia  eoina  doubi  b«i'.au*ai  au  hav 
mentioaad  aariiei.%  the  pr-*  .  *f  in  tha 
CwOMwia  ragion  varies  the  in*  cubn 
V  £  If  far^h^r  Ai,t  %  .  ..  inva*'  * 

square,  tha  gaoaral  «hapa  is  s;  :wa  and 
the  di££c  jncs  baiwvt  >4  '.nvsras  cuL  :  and  'n- 
verse  equare  is  rsUtivaiy  minur. 
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Fig.  1  -  Ov«rpr««*ur«  And  probability  49  4  luAvtiOA  of  rodiu* 
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CUMULATIVE  probability 


Fiff.  2  '  ProbA*?ili',y  oi  lower  preiiure 


namely,  radiua,  thia  parameter  can  he  elimi¬ 
nated  and  the  normalized  overpressure  eaji  h': 
plotted  af.ainat  probability. 

1  ius  nao  bi.!  done  in  Fig.  2  which  ahowe 
the  probability,  (ci*  any  nne  ahot,  that  the  ac¬ 
tual  overpreasurc  will  he  amaller  than  the  in¬ 
dicated  value.  For  convenience  in  preaen’a- 
tion  a  log  scale  o(  normalized  overpressure 
h.is  been  ue:'  ac  the  abaciaa.a. 

Now  ict  us  consider  the  eignilicance  ol 
this  characteristic  o(  near-surface  atomic 
explosions  coinbined  with  the  characteristic 
of  protective  structures  that  there  is  no  more 
than  a  2:1  ranne  between  the  load  for  failure 
and  the  mar.iti.urii  ela.sMc  Icki'i  The  r  -rve  of 
Fiy.  2  shows  that  ir  the  middle  range  of  the 
curve  the  probability  of  the  occurrence  of  an 
i/.'cipicsi"  e  withir  a  2'1  range  Is  0.24  and 
liial  the  corrcspoixtir.;;  probability  at  either 
end  of  the  curve  is  still  smaller.  ITw  signlf- 
icarice  of  thic  cur-,  e  ••  “•  ollows. 

In  considering  the  capabllitiee  of  a  struc¬ 
ture  111  resieting  attack  by  multiple  shuts  \  Is 
clear  that  (1)  for  preasuree  lower  than  the 
maximum  for  elatfic  aeflecilrm,  the  structure 
can  stand  a  large  numb  r  r>i  attaeifs  and  that 
(2)  the  structure  can  stand  no  attacks  with  an 
overpressure  more  than  twice  this  U.rge. 
Figure  2  rhows,  therefore,  (hat  the  probability 
that  a  •.Auciuie  is  uamagcd  but  not  dcstroyvd 
by  a  single  shot  is  0.24.  Thus  only  in  this  2:1 
region,  having  a  probability  ol  0.24,  is  the 
capability  of  the  structure  any  different  f  ir 


t  .ultiple  shots  than  it  i-  lor  single  shots.  Now 
the  probability  that  two  .•'t*ar'.  s  will  both  (all 
within  the  same  2:1  pressure  span  is  (o.24)  ’ 
or  O.Ofl. 

Another  way  to  view  this  situation  is  to 
consider  that  in  an  attack  by  multiple  shots 
against  a  single  structure  some  one  of  the 
multiple  sl.ots  will  produ:e  a  maximum  pres¬ 
sure  against  the  structure.  The  probability  is 
0.78  that  this  shot  will  either  have  destroyed 
the  structure  or  will  have  left  it  undamaged. 

II  it  has  destroyed  the  structure  then  there  Is 
no  point  in  ccnsldering  the  other  shots  of  the 
attack.  If  it  has  left  the  structure  undamaged, 
since  we  postulated  that  this  is  the  strongest 
of  the  multiple  shots,  then  none  of  the  others 
will  damage  the  structure  and  hence  they  are 
of  no  Interest.  Only  in  the  situatlcn  in  which 
the  strongest  single  attack  has  been  In  the  2:1 
range  of  capabilities  of  the  structure  la  there 
any  iigtrost  in  considering  any  otner  shot.  In 
(his  csie  only,  which  has  a  probability  0.24, 
are  we  intereated  In  the  next  strongest  shot. 
The  probability  that  It  will  lie  within  the  same 
2:1  pressure  range  is  less  than  0.24,  and 
hc;:*e  the  probability  th. these  two  siiots, 
nainc'v,  the  most  severe  and  thf<  next  most 
severe,  will  both  fall  .a  the  2:1  pressure  range 
is  .ess  than  "  08. 

The'  conclusion  to  be  di  awn  fr.  r.  this 
analysis  is  that  when  s  sincturv  t  •  «en 
designed  for  a  cartat-'  capability  .igm  n  a 
tingle  atts  a,  the  addit.i.iuU  expendlluie  just¬ 
ified  to  protect  It  against  a  second  attack  of 
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the  same  magnitude  is  r.o  more  tiian  6  percent. 
The  corresixjnding  figete  for  rrhancement  of 
th-j  capability  of  the  structure  ?;nin8t  single 
attack  is  Uiat  as  mucha  a24-percent  increase 
in  cost  may  be  justified  if  the  strength  against 
single  attack  can  be  doubled. 

The  range  of  validity  of  these  conclusions 
is  of  some  interest.  In  fact,  they  are  essen¬ 
tially  independent  of  the  CEP  of  tiie  avtacVing 
weapnn.  or  its  yield  and  depend  <july  o.'.  il.  u:: 
ponent  of  the  pressure  versus  distance  curve. 
This  e.xpooent  lies  between  -2  and  -3  for  a 
very  wide  r<u'"e  of  pressures  and  distances, 
and  within  this  range  the  conclusions  are  firm. 
In  addition,  to  s.ay  that  the  pressure  range  be¬ 
tween  maximum  elastic  load  and  severe  dam¬ 
age  is  two-to-one  is  quite  conservative.  U 
most  cis“s  the  range  is  narrower  than  this. 
Finally,  the  S  shape  of  the  curve  demonstrates 
that  t>e  probability  of  an  attack  with  twice  the 
pressure  is  generally  smaller  than  the  ma.^i- 
mum  value  of  0.24  which  occurs  ir.  the  mid¬ 
range. 


doubling  the  strength  against  single  attack 
is  meant  increasing  the  strength  to  withstand 
It  ,^1,  with  twice  the  peak  overpressure. 


For  all  tiiese  reasons  the  cost  justified 
to  double  the  capability  against  single  attack 
is  let'  -j  than  the  0.24  indicated,  and  the  cost 
justif.  ,d  for  protection  against  multiple  rather 
than  single  attack  is  less  than  the  value  of  0.00 
given  above.  The  precise  mathematinul  state¬ 
ment  is  that  the  justified  fractional  increase 
in  cost  to  double  the  strength  of  the  strurtore 
against  single  attack  iCj,,)  is  always  less  than 
0.24,  and  the  corresponding  figure  ('C„)  for 
protection  against  multiple  attack  is  less  than 
the  square  of  the  actual  value  of  the  first. 

That  is: 

‘  0  24 

and 


The  pertinence  of  the  c<.:<eliision  that  it  Is 
more  valuable  to  double  the  rtrength  against  a 
single  attack  than  to  provide  strength  again:*  » 
second  attack,  is  enhanced  because  the  costs 
ar^  in  the  inverse  relation.  It  costs  less  to 
double  the  s'.'cngth  against  one  attack  than  to 
provide  for  multipl''  attack.  Sacrificial  ele¬ 
ments  acquire  very  much  greater  Interest  if 
these  cunclusions  stand  the  test  of  critical 
review. 


Section  4 

EFFEaS  ON  EOUIPM94T  IN  HARDSITES 


NUCLEAR  GROUND  SHOCKS  ENVIRONMENf 


Rosi  W.  XSowdy 
OAiiiei*  Mann,  iohnaoo  and 
Mendenhall  and  Aaao<.!atca 
Los  Amgeles  S7,  Califomin 


The  ever  iricree«ing  nuntber  '  'engineer*  engaged  in  the  de*ien  of  faeil- 
Ltkes  which  require  soma  via*  ree  of  icsiatance  to  ^  *  -.and  shock,  has  dic¬ 
tated  that  some  reliable  and  practical  method  of  estrMiiMng  ground 
shock  information  be  developed.  Thi*  method  should  i:-e  charts  and 
simple  formulas  wherever  po.>sible. 

This  need  resulted  in  the  initiation  of  an  independent  study  Into  the 
!  subject  which  is  still  in  progress.  Although  ^s  study  cannot  be  consid¬ 
ered  even  close  to  complete,  it  is  believed  that  a  sufficient  number  of 
useful  results  have  been  achieved  to  justify  a  report  at  this  time. 

In  addition  "i  some  of  the  results  of  the  study,  this  paper  presents  a 
resume  ol  some  methods  of  isolating  an  interior  -tmct.ire  from  ground 
shock  including  phutograpbe  of  some  typical  installations. 


BASIC  STUDY  APPROACH 

Since  ine  nuclear  leM  nliaervaiiuns  avail- 
abl«  cover  a  very  limiled  nuotber  of  geological 
concitions,  an  empirical  approach  cannot  be 
up.vi.  Instead,  the  basic  approach  of  t.his 
haa  been  to  uae  the  fundamental  dynamic  aoU 
characteriuiica  as  oeterminad  by  numeroue 
higli  eaploMV*  experlmeiits  and  to  butid  the¬ 
oretically  from  that  foundation  to  obtain  the 
reariion  reeutUng  from  a  nuci*«.r  teat.  This 
theoretical  reaction  ran  then  be  rompared  'ritli 
test  reeulle  to  determine  the  validity  of  tlie 
approach.  1  he  basic  philosophy  has  been  to 
start  off  with  as  few  parameters  as  possible 
and  add  only  those  which  froa:  the  theory 
seemed  to  have  a  slpuficam  effect  oti  the 
reiutts.  Uatll  recestly  praett;  vUy  ail  etudlce 
Into  the  ground  ahock  effects  of  nuclear  weap¬ 
ons  have  been  oaaed  on  the  aswmptlon  that 
■oil  behaves  very  much  *be  same  ui  an  elastic 
OMdluaa.  However,  coll  lo'giit  bei>«r  be 


described  as  aemiplastic.  The  plastic  rkarac- 
.rr  uf  soil  can  be  seen  in  Fip.  1,  which  shows 
a  dynamic  stress- strain  curve  for  an  average 
soil.  This  type  of  curve  is  obtained  liy  explod¬ 
ing  a  charge  of  high  ex))loslve  and  recording 
an  accurate  pressure  time  curve  nt  two  dif¬ 
ferent  tiiulaiices  froor.  .he  charge.  Tfie  two 
curves  are  recorded  on  the  same  film  or  paper 
■o  that  accurate  time  measuremepfs  can  no 
made  between  each  curve  for  tbr  different 
pressure  tevets.  With  the  distance  between 
the  charge  an^t  the  guges  being  known,  the 
velocity  of  propagation  for  each  stress  luvel 
can  be  e.Jr'ilatpd.  Tills  Information  when  cor¬ 
rected  for  spherical  r.  -'ling,  u<ui  lie  used  to 
plot  a  dynamic  3tr*ss-:-t''i.'.'.  curve  Mich  a.i 
the  family  of  curves  shi  on  Fig.  1  and  U 
contains  practically  all  ‘  -  infor-'atlon 

necessary  fv'r  dclern-  run^  'be  ahock  charac- 
"rlsllcs  of  t  i-  material,  '.'ynamlc  stress- 
strain  curve!  have  not  been  developed  fur  all 
of  the  dlffereni  types  of  poll,  hut  a  great  many 


Fig.  1  ~  Dynamic  streaa-atrain 
curvci  for  average  aoiL 


hi;:h  explos>vt!  aattLa  huve  be**!!  lnMrjiDeiite<1 
2Ad  me  prissurea  and  displacements  have 
hei.'ii  iicrmalized  ^dth  a  Ur^ile  parameter 

ur.g  >.M  rh.iracterlstlcs  cC  the  aolL  This 
paramemr  called  the  .-<011  constant,  has  been 
successfu'ly  correlated  on  the  basis  of  ths 
seismic  velucity.  This  (act  clearly  indltatea 
that  the  shape  erf  the  dynamic  stress- strain 
curve  is  tyr.  -  (or  a  wide  rsngce  oi  miU  types, 
irfiglr  ml  'hi  •''~1  uS  to  believe  that  this  curve 
would  arjply  oily  to  clay,  sand,  silt  and  the 
like,  but  that  rock  would  exhibit  a  ao-viewbat 
more  elastic  character.  This  tieUe(  was  not 
supported  by  tests  which  were  conducted  on  a 
large  mass  ol  homogenecus  llmeWone  by  the 


Mason  and  Hanger-Silas  Mason  Cumpimy  in 
1955.  The  results  ol  Ihese  tests  correlated 
very  well  wit'  conp-ted  values  laced  on  the 
empirical  equations  (or  soil,  using,  c>  course, 
the  soil  constant  derived  (rom  the  seismic 
velocity  o'  the  limestone. 

T'le  shape  o(  this  dynamic  stress- strain 
curve  IS  not  c.ntirely  unfamiliar  to  most  of  us, 
since  vj  have  seen  priclically  the  same  curve 
r.  ..r‘  .atic  soil  tests  and  also  from  concrete 
tests.  When  the  basic  similarity  of  all  semi¬ 
plastic  stresE -strain  curves  is  considered,  it 
is  not  surpriEing  that  limestone  should  behave 
in  a  similar  manner  to  soil,  at  least  to  a  de¬ 
gree,  and  that  degree  is  related  to  their  rela- 
Uve  seismic  velocities. 

One  might  question  the  use  of  the  same 
curve  shape  for  rock  as  (or  soil,  on  the  grounds 
that  we  know  from  e-xpcricncc  t.hat  solid  rock 
transmits  shock  (or  greater  dista.ncuu  than 
sand,  loam,  clay  or  silt.  However,  this  reac¬ 
tion  is  easily  .explained  b/  the  relative  seismic 
•  -toclties  alone,  as  demonstrated  by  the  rcla 
live  area  under  the  Cu.  ves  in  Fig.  2,  which 
shows  the  effects  of  ch  u  kcs  in  nrlumit  Vcluc- 
Uy.  Note  the  red-jctlon  in  area  within  the  curve 
as  the  seismic  velocity  increases  which  indi¬ 
cates  far  less  energy  attenuation  in  the  pres¬ 
sure  wave  (or  any  giv'n  distance.  Each  of  the 
curves  has  the  same  basic  slope  relation  with 
respect  to  the  corresponding  seismic  sl-ipe 
(or  every  stress  level.  Since  this  slope  of  the 
curve  Is  a'-tually  the  modulus  for  the  particular 
stress  level,  the  velocity  of  the  stress  wave 
can  be  computed;  it  is  simply  the  square  root 
of  the  modulus  divided  by  the  square  root  o( 
the  mass  per  unit  volume.  With  this  Informa¬ 
tion,  the  stresn  profile  can  be  determined  at 
any  time  vs  is  shown  plotted  in  the  upper  half 
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Fig.  I  •  Effv,.'.  u(  f  uges  in  leiimic  velocity 
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of  Fig.  3.  The  corresponding  strain  profiles 
are  snown  in  the  lower  half  c<  'He  figure. 

Nuie  that,  as  in  any  nonlinear  incdlum,  the 
strain  profile  is  not  proportional  to  the  stress 
profile.  This  demonstrates  the  error  in  using 
the  Impulse  to  compute  displacements.  How¬ 
ever,  once  the  correct  strain  profile  i«>  Wno. 
ti;e  displacement  of  any  point  is  siciply  the 
integral  of  the  strain  beyond  the  point.  A'  cu¬ 
rate  time  dli^lacement  curves  for  son  .ii 
1000  ft/' sec  seismic  velocity  are  showi.  .n 
4,  in  which  curves  for  the  surfat**  and  for 
three  scaled  depth:  are  given.  Displacements 
for  any  otlier  selsD'..r  velocity  can  be  obtained 
simply  by  multiplying  by  1000  and  dividing  by 
the  seismic  velocity.  The  curves  apply  only 
to  the  100-psl  range  from  a  high  yield  surface 
burst  and  they  will  not  work  for  any  other 
combination. 


Time  displacement  curves  for  any  other 
weapon  yield  and  pressure  car.  be  computed  in 
the  am'  manner  by  integrating  the  strain 
curve  '  •  'Jislest  met  nd  of  accomplishing 

Um£>  is  with  a  liigital  computet .  1  ae  problem 
can  be  so'vcd  by  numerical  integration,  but 
this  method  is  not  recommended  since  it  is  a 
long  and  laborious  process. 

Once  a  time  displacement  curve  is  com¬ 
puted,  the  "shock  spectra"  can  be  computed  by 
the  solution  of  an  excursion  problem  for  each 
fretfuency  necessary  to  .dve  enough  points  tr 
plot  a  smooth  curve.  An  example  of  such  a 
spectra  is  shown  in  the  trlaxial  plot  of  Fig.  5. 
The  curves  shown  were  computed  on  an  IBM 
704  digital  cot  ^ater  and  represent  the  dis¬ 
placements  of  single  degree-of-freedom  sys¬ 
tems  located  at  the  surtace  and  with  their 
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Fig.  i  •  Strcsi>-:iti aic  profiles 


Fig.  4  -  rime  displacement  curves  (C  v  1000  ft/ 
seci  ^displacement  normal  to  wave  front) 
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Fig.  b  •  Surface  ihock  apectra  (average  aoil) 


axis  of  motion  rirt«ntc<)  parallel  withitbe 
grot..*!  motion.  An  average  liomogenoim  soil 
In  assr.mcd  with  a  weight  of  100  Ibs/cuVt  and 
to  A'M.-.nr..'  vi'iocities  indicated.  The  air  blast 
wave  assum.  d  ib  Uut  associated  with  a  high 
yield  surface  burst  at  the  100-psi  range. 

These  curv'  .s  cannot  be  compared  directly 
with  test  data  .'ur  several  reasons. 

The  as'.".';..t;Uor.  of  homogenous  soil  will 
never  be  qui  c  true  fur  any  site.  The  seismic 
velocity  wilt  normally  increase  in  stepo  with 
depth.  Thu  reflections  from  these  higher 
veluuity  layers  tend  to  decrease  the  lower 
frequency  displacements  and  to  increase 


displacements  in  certain  of  the  middle  fre¬ 
quencies.  The  maior  MASS  C  aitC  ^  ,  :;jivc  -.er,  is 
due  to  the  fact  that  the  curve  applies  to  motion 
parallel  with  the  ground  wave  motion  and  for 
comparison  with  a  vertical  spectra,  the  dis¬ 
placements  must  be  multipli^  by  roi  3  where 
3  is  the  angle  between  the  ground  wave  front 
and  the  ground  surface  as  shown  In  Fig.  6. 

This  angle  is  approximately  equal  to 
arc  tin  (2c.'3V)  for  values  of  P  above  40  psl, 

In  which  c  is  the  seismic  velocity  of  the  soil 
and  U  is  the  velocity  of  the  air  shock  front. 

To  change  the  curve  to  a  horizontal  spectra, 
the  displacements  must  be  multiplied  by  tin  u. 
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but  since  S  is  similu  to  jrc  ■  :  i(2t  '3L)  the 
trigonometric  functions  cance'  o<!t  and  we  mul¬ 
tiply  by  2c/3U.  However,  since  the  original 
displacements  are  inversely  proportional  to 
the  seismic  veiocity,  c  drops  out  and  the  hori¬ 
zontal  spectra  curve  becomes  a  constant  value 
being  unaffected  by  the  seismic  velocity  of  the 
soil.  The  vertical  and  horizontal  spectra  at 
the  surface  for  the  100-psi  range  from  a  high 
yield  surface  bui  st  will  be  similar  U.  tl. .  at  : 
Fig. 

Shock  spectra  fo-  any  range,  weapon  yield, 
and  seismic  velocity  can  be  computed  in  the 
same  manner  provided  c/u  remains  less  than 
unity  for  a  considerable  depth.  This  depth 
should  be  such  thai  the  displacement  caused 
by  the  overburden  will  be  large  enough  to  mask 
any  effects  caused  by  outrunning  in  the  high 
velocity  lower  layer. 

The  high  speed  of  the  digital  computer 
makes  it  possible  to  incorporate  many  (actors 
In  the  problem  about  which  information  is 
needed;  for  example,  the  effects  of  rcflcc'  '.ons 
from  hard  lower  Rtrata.  This  problem  ic 
somewhat  more  complicated  than  the  elastic 
.solution,  since  the  modulus  changes  as  the 
pre::£urc  increanes.  By  the  use  of  the  digital 
computer,  the  shock  spectra  can  be  sch’ed  to 
any  desired  degree  of  accuracy.  However, 
many  shock  problems  do  not  warrant  the  lime 
or  expense  involved  in  programming;  such  as 
p<  '  liminary  designs,  slti.ig  problems,  and 
sir,';iv  designs  bi  which  some  overdesign  would 
involve  little  additional  expenae.  For  such 
problems  simple  formulae  are  needed  to  estab¬ 
lish  the  envelope  (or  a  shock  apectra  curve. 
Such  f”r!T"'lse  nrt-  •hnwn  In  the  trlaxlsl  plot 
of  Fig.  7,  which  shows  the  six  basic  formulas 
establishing  the  constant  displacement  line, 
the  constant  velocity  line  and  the  constant 
acceleration  line  for  a  homogeneous  soil. 

The  vertical  displacement  Is  determined 
by  the  formula: 

702  1*'*  «  to* 

d  - - roi  e 

»  rc 


In  Which 

I  >  Weapon  yield  '.r  megatons 
r  >  Radial  distance  from  charge  In  feet 
c  a  Seismic  velocity  in  ft/scc 
6  *  arc  fin  (2c/3U) 

U  >  Air  shock  front  velocity. 


Fig.  7  -  Sample  formulae  for  establiuhing 
the  ahock  apectr-  envelope 


'■'he  horizontal  displacement  is  determined  by 
the  formul.^ 


j  707  «  10* 

„ - jj-  . 

The  vertical  velocity  Is  determined  by  the 
formula: 


or 


or 


696  W  ■<  10** 
Ur* 


to,  a 


696  W  »  10** 
Ur* 


In  which  P  is  the.  peak  slde-on  pressure. 

The  vertical  acceleration  Is  determined 
oy  the  lormula: 

,  .V’.' 

ill  which  H  Is  the  deptu  r  -  J'»  the  juriacc  of 
‘he  ground  i  •  feet. 

The  horizontal  acceleration  la  deter¬ 
mined  by  the  formula: 


u 


s 
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30c  C3S  sin  ^ 

■*«  "  u  • 

These  .ire  the  sL't  basic  formulae  upon  ahlch 
many  othars  are  based  for  handling  special 
conditions. 


EXAMPLES  OF  .SHOCK 
ISOLATION  SYSTEMS 

The  ahuck  information,  whether 

obtained  from  a  difcital  computer  or  by  the 
use  of  the  envelope  formulas,  ran  then  be  used 
to  design  shock  isolation  systems  for  the  pro- 
tectiun  of  equipuieiit  and  personnel.  Many  arti¬ 
cles  have  been  published  on  methods  for  the 
design  of  shock  isolation  systems  so  there  is 
no  point  in  trying  to  go  into  the  subject  thor¬ 
oughly  in  a  paper  of  this  length.  In  general, 
however,  the  obje.^t  of  shcck  isolation  is  to 
provide  a  flexible  connection  between  the 
isolated  object  and  IV  exterior  structure  or 
groLi,..,.  The  connection  should  provide  for 
relative  motion  in  ail  directions.  A  look  at 
some  typical  sol'iiiuns  to  the  problem  may  be 
of  into: Cat. 


Tiieiivls 

Figure  8  is  a  typical  tunnel  section  show¬ 
ing  some  methods  of  shock  mounting  pipes  and 


cable  trays.  Note  the  dark  blocks  which  indi¬ 
cate  rubber  s!>-i<:k  mounts. 

Figure  I)  shows  a  system  of  mounting  a 
cluster  of  pipes  with  coil  firings. 

Figure  10  illustrates  the  soft  coil  spring 
moumir4,  of  the  light  fixlurec  in  a  tunnel. 

Ficr  re  11  is  a  good  example  of  why  rattle 
apace  jmetlmes  is  at  a  premium  in  tunnels. 


Powerhouse 

Fi':ure  12  illustrates  a  type  of  shuck 
isct'’ll(vi  which  is  useful  whe.n  the  equipment 
on  the  lower  level  is  sufiicieutl;'  rugged  to 
withstand  the  ground  shock  and  only  the  upper 
level  needs  to  be  protected.  The  upper  floor 
Is  Isolated  by  means  of  spring  beams  located 
below  the  lower  floor  which  take  the  vertical 
motion  while  the  columns  have  sufficient  flex- 
ibilitv  to  tar.:  the  lateral  motion. 

Figure  13.  When  only  one  or  two  pieces  of 
equipment  on  the  lower  iiu>r  neco  i  eolation, 
they  may  be  handled  separately  as  shown  in 
Fig.  13,  which  Is  a  water  chiller  that  Is  resting 
on  rubber  saudwlch-type  shock  mounts. 

Figure  14  Is  a  cloae-up  of  this  same 
mounting  showing  the  steel  plates  between  the 
rubber  pads. 


Fig.  s  -  Vyptt  'A"  tunnel  nection 
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Figure  15  ia  a  sulfuric  acid  tank  which 
illustratea  another  type  of  individual  mounting. 


Powerhouse  with  Complete 
Shock  Mounting 

Figiire  16  shows  a  system  for  shock 
mounting  the  complete  interior  structure  by 
the  use  of  spring  beam  units  under  the  lower 
floor.  The  horizontal  flexibility  ia  accom¬ 
plished  by  short  la-inch  pecdulums. 

Figure  17  is  a  •-’onstructlon  photegraph 
showing  the  spring  Iwam  units  in  the  process 
of  InstaUatlon. 


Control  Center 

Figure  18  is  an  example  of  a  structure 
with  the  major  part  ot  its  delicate  equipment 
located  on  the  second  noor,  requiring  only 
that  floor  to  be  shock  mc^inted. 

Figure  19.  When  both  floors  are  required 
to  be  shock  Isolated,  the  solution  shown  In  Fig. 
19  be  used;  the  same  type  of  spring  beam 
units  as  shown  previously  are  used. 


Equipment  Terminal 

Figure  20  is  an  example  of  separately 
mount^  floors  lii  a  alio  type  strurbirc.  When 


there  ai'e  only  a  few  items  such  as  pipes  or 
conduits  running  between  the  floors  and  all  of 
these  can  be  ;nadv:  flexible,  this  system  func¬ 
tions  very  w.  d.  However,  If  rigid  items  span 
between  the  floors,  then  tte  floors  must  be 
tied  together  with  rigid  bracing  to  form  a  crib, 
but  ‘he  same  shock  niouiiLiug  will  serve  just 
as  well. 

Figure  21  is  a  detail  view  of  the  spring 
Ik- am  or  this  silo  system. 

Figure  22  shows  the  base  of  the  column 
which  is  a  eiorient  connection  designed  to 
utilize  the  bending  stresses  of  the  columns  as 
a  restoring  force.  This  action  holds  the  fre- 
quen.y  high  enough  to  a"'‘d  the  possibility  of 
extremely  low  frequency,  bul  high  amplitude 
grouikl  motion  from  a  hl^  yield  weapon. 

Figure  23.  Prc>]>iencte8  and  amplification 
factors  must  be  studied  carefully  v.'  ~u  design¬ 
ing  vibration  isclauir  j  f'T  njuipment  to  be 
mounted  on  a  shock  m‘.a."led  flour.  Figure  23 
is  an  example  of  such  an  Isnlator. 

Figure  24  is  an  example  of  the  use  of  coil 
springs  to  shock  mount  an  interior  structure. 
This  method  is  Justified  only  wHen  the  shock 
mounted  equipment  is  extremely  heavy  with 
a  high  center  of  gravity  and  the  space  is 
limited. 

Figure  25  shows  the  arrangement  of  the 
horizontal  springs.  The  top  of  the  columns  are 


Fig.  19  •  Shock  i..eunliBg  of  tulSirle  scid  tank 
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supported  Uterzily  by  h  steel  (rsme  door 
which  also  tics  into  the  large  »cel  bottle 
clusters  which  are  the  reason  for  the  shock 
mounting. 

Fig\<re  26  Is  a  close-up  at  the  hori¬ 
zontal  springs.  There  is  an  inlet  esting 
feature  to  this  design;  the  spring  is  de¬ 
signed  to  (unction  only  In  compression  even 


though  the  unit  as  a  whole  functions  both  in 
tension  and  compression. 

Figure  27  is  a  view  of  the  vertical  springs 
which  take  all  of  the  vertical  load  of  the  inte¬ 
rior  structures. 

Figure  28  represents  one  of  the  more  frag¬ 
ile  but  very  important  .terns  of  equipment. 


Fig.  16  -  Example  of  ahocX  mounting  of 
complete  interior  structure 
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Fig.  24  •  ‘j.||xal  coil  apriog  inour.l*.if  ox 
iuterior  structure 


rif.  li  •  Horlaoalkl  (pHag  arrui(*m*u'. 


il  •  VtrticA)  nprlngt 


Fij.  2S  -  I .  yortanl  piece  of  shock 
ii.<  ^nted  e^uioment 


CO^’CLUSlONS 

Mar.y  conclusions  may  be  drawn  from  this 
study,  but  the  one  most  worthy  of  mention  is 
that  the  nonlinear  nature  of  soil  has  a  definite 
ef ' '  c  •  on  the  shock  sprcti  <s  torougfaout  its  full 
rar^it-  and  especially  in  the  high-frequency 
region  where  It  is  practically  the  only  factor 
determining  the  free-fleld  acceleration.  The 
relative  propagation  velocities  of  the  stress 
wave  in  the  air  and  In  the  soil  have  a  signifi¬ 
cant  effect,  and  the  resulting  angle  between 
the  ground  wave  and  the  surface  must  be 
accounted  for  if  axcurate  results  are  to  be 
espocled. 


RECOMMENDATIONS 

Wherever  seismic  testing  is  contemplated 
for  site  selection  or  other  activities,  it  is 
recommended  that  slightly  more  sophisticated 
instrumentation  be  employed  which  v>Ul  record 
pressure  time  curves  as  described  previously, 
and  that  the  resulting  data  be  collected  and 
analyzed  to  establish  dynamic  stress- strain 
curves  for  each  type  oi  soil.  It  is  further 
recommended  that  the  average  curves  shown 
here  be  used  for  predicting  the  Inelartic 
behavior  of  all  soils  until  such  time  as  the  test 
data  Indicates  a  trend  away  from  the  average 
for  a  particular  type  of  soil. 
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DISCUSSION 


Mr.  Chatevka  (Armour  Roiiearch  Foun- 
datlony:  In  your  stress-Mraln  curves  where 
you  show  the  steep  rise  (or  a  hard  rock  and  a 
gradual  rise  approaching  the  horizontal  coor¬ 
dinate  asymptotically  (or  a  porous  medium,  it 
indicates  a  greater  attenuation  o(  a  seismic 
wave  in  the  soft  medium  than  in  the  hai  d  rock. 
Do  you  have  at  least  an  ap.prozimate  number 
giving  the  relitive  rates  o(  attenuation  ot  a 
seismic  wave  in  the  two  different  media? 

Mr.  Dowdy:  No.  Nothing  other  than  the 
fact  Umt  it  is  delated  to  the  seismic  velocity. 

If  you  trace  out  the  stress  wave  based  on  this 
dyiuunic  stress-strain  curve,  this  gives  you 
tte  attenuation  as  shown  in  that  stress  curve  — 
the  stress  profile.  Perhaps  I  should  have 
dwelled  on  that  a  Uttle  longer.  This  actually 
gives  you  the  peak  pressure  at  each  distance, 

Mr.  Chameyk^  That's  what  my  question 
pertains  to.  How  does  this  peak  pressure  vary 
from,  say,  the  source  of  the  explosion?  How 
rapidly  does  Uie  energy  (all  oft  in  the  two  dif¬ 
ferent  media  at,  say,  a  given  distance  from  the 
a'q;:lu3lGr.?  I  thought  you  might  have  test  data 
on  chut. 

Mr.  Dowdy:  I  don't  have  any  available 
right  here.  There  is  quite  a  lot  of  teat  data 
on  it,  but  1  can't  quote  it. 

Christensen  (Bureau  i>f 
Vardc  U  Doci:^:  I  notice  in  your  shock  spec¬ 
tra  you  have  covered  quite  a  wide  range  of 
frequencies  (roui  siMul  I/IG  epa  Ui  atxMt 
1000  cps.  Is  this  correct? 

Mr.  Dowdy:  Yes. 

Ccmmrjider  Christensen:  It  appears  that 
Rt  these  lower  frequencies  your  displacements 
get  a  little  bit  out  of  reason  lor  this  lOd  pai 
which  you  quoted.  For  some  of  these  lower 
solsmk  velociUoa  you  tuve  displacements 
^iprojCidng  20  or  30  inches.  This  does  not 
appear  to  be  realistic.  I'm  wondering,  are  we 
covering  too  great  a  frequency  range  in  these 
shock  spectra? 

Mr.  Dowdy:  I  tht.-ik  the  thing  tbat  makes 
this  look  iiigh  is  the  (act  that  this  is  an  as¬ 
sumption  of  homogeneous  soil.  Th.it  is,  if  you 
take  a  soil  that  has  1000  (t/sec  seismic  veloc¬ 
ity  Sill  assume  this  to  continue  on  down  to  the 
depth  of  a  wave  of  the  slae  that  we're  talking 
of  here,  then  you  would  get  those  displacements. 
But  this  Is  not  a  usual  condition.  You  woulnn't 


expect  to  get  ,i:is  type  of  dlaplacemeut  in  nor¬ 
mal  test  data  Uscause  the  seismic  velocity 
'  Increases  and  ;,ou  get  into  something  far  abow 
lOOO  (t/sec.  vhien  you  consider  this,  it  drops 
back  down  to  the  order  u(  2  or  3  inches  which 
<s  in  keeping  with  the  teat  data. 

r.,auaander  Christensen;  Then  why  do 
we  uoa  these  values  in  design  when  they  appear 
to  be  a  little  <mrealiMic?  Does  this  not  add 
appreciably  to  the  cost  of  your  shock  mounting? 

Mr.  Dowdy:  No.  This  is  just  a  theoreti¬ 
cal  curve.  You  would  net  use  this  (or  design. 
You  would  use  the  particular  aeismie  veloci¬ 
ties  that  you  have  in  a  particular  soil.  Now  if 
you  did  happen  to  run  into  a  site  that  had  a  very 
low  seismic  velocity  material  (or  great  depths, 
then  you  could  scpect  to  get  this  dir-r  lacement. 
But  you  wouldn't  pick  t  sito  like  that  to  design 
a  facility  in. 

Mr.  Jeffrey  (Ft-  "iulon  Engineering, 
Montreal):  Would  you  !‘kt  to  ssy  a  few  words 
on  what  your  approach  is  to  furniture  such  as 
desks  and  things  like  that  where  you  have 
(airly  high  siiock  at>ectra?  Whether  you  tie 
them  down  or  whether  you  let  them  bounce  — 
what  ia  your  general  approach  to  the  problem? 

Mr.  Dowdy:  Well,  this  would  depend  on 
the  importance  of  the  particular  Item  I  would 
think.  If  you  felt  that  it  didn't  hurt  anything  to 
bounce  around  you  could  let  it  bounce.  You 
can,  unless  you  provide  some  special  damping 
which  you  have  in  many  cases,  expect  the 
vibration  (or  quite  eome  time  on  eome  ot  tbeee 
abock  mounted  floors.  This  would  cause  qulU 
a  lot  of  movement  cf  any  loose  articles  sr>  the 
floor.  I  think  this  is  something  you'd  have  tu 
look  into  at  the  particular  piece  of  equipment, 
to  rats  Its  importance.  For  Instance,  in  mis¬ 
sile  base  design  we  normally  look  at  it  from 
tbs  pc.rt  of  view  that  il  it  doesn't  keep  you 
from  getting  tbs  iclsslls  off,  you  don't  worry 
about  It  too  much. 

Dr.  riaron  (Paul  Weldlinger  Consultants, 
’’.Y.C.):  The  frequency  spectrum  thst  you 
shc'wed  —  tw  thvorettcal  frequency  plectrum  — 
was  it  based  on  eoiuiderlng  the  soli  to  be 
cmsiic  ? 

Mr.  Dowdy:  No.  The  entire  :>•  dv  is 
based  on  a  nonslasUc  soli.  Kv^r.-  >-.i)g  is 
extrapolated  from  thii  dynamic  a-straln 
curve  or  Jie  non-l'near  curve.  But  the  (re- 
quenclee  are  simply  tbs  frequencies  of  spring- 
mass  systems - 
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Df.  3«ron:  No.  What  I'm  thlnkliig  of  Is 
tha  psrtloular  diagram  (Fig.  6}  where  you 
aboi^  an  air  ahock  which  was  advancing  over 
the  rurface  and  than  you  had  two  waves  In  the 
medium  which  ware  drawn  at  certain  lucUna- 
tlona.  This  seems  to  conform  to  basic  elastic 
theory.  I  was  wondering,  la  this  what  you  used? 

Mr.  Dowdy:  Tha  plot  is  a  little  different. 
I'll  admit  it  iooka  very  much  like  the  r-  '■■‘ar 
elastic  theory,  but  the  two  lines  were  inoucat* 
Ing  Just  the  selamlc  wave  and  the-i  the  peak 
pressure  level  of  the  compression  wave.  Then, 
when  you  consider  tne  nonelastic  or  nonlinear 
character  of  the  soil,  the  peak  pressure  drops 
back  and  the  seismic  wave  runs  out  ahead  of 
it  — : - 

Dr.  Baron:  Yes,  true,  but  the  other  thing 
I  wanted  to  point  out  is  this,  that  your  fre¬ 
quency  spectra  are  based  on  truly  free  field 
considerations.  Whatever,  for  instance,  a 
pressure  gauge  might  read  at  the  particular 
location.  Now  in  some  of  these  structures 
that  you've  shown,  where  you  have  compo  '-iols 
attiiched  directly  to  the  wails  of  the  structure, 
particularly  in  the  round  tunnels,  or  even  is 
cases  where  you  showed  square  tunnels  with 
rharp  comers,  the  frequency  spectra  which 


one  will  get  i.i  actuality  may  be  tremendously 
altered  by  the  effect  of  tt.a  structure.  The 
fact  'lat  some  of  these  square  corners  may 
serve  as  centers  of  diffraction  and  just  com¬ 
pletely  change  the  peak  accelerations  and 
displacements  to  which  your  tnings  are  going 
to  te  subjected.  I  agree  that  if  you  lake  some¬ 
thing  and  put  a  building  In  it  and  use  relatively 
low  frequency,  the  free  field  should  be  quite 
good,  but  I  also  thirik  a  note  of  warning  should 
be  mentioned  that,  lor  relatively  high  fre¬ 
quency  components,  one  cannot  and  should  not 
neglect  the  effect  of  the  structure.  The  results 
may  be  quite  erroneous. 

Mr.  Dowdy  Y'es,  this  is  quite  true. 

Mr.  Wallersteln  (Lord  Mfg.  Co,):  Would 
you  care  to  stsie  the  approximate  order  of 
magnitude  ol  displacement  mat  occurs  across 
some  of  there  large  spring  oeam  supports  that 
you  showed,  (or  instance  some  in  the  typical 
eilo  suspension? 

Mr.  Dowdy:  The  static  displacement  on 
most  of  those  w  jie  of  the  order  of  1  inch,  while 
the  design  dynamic  displacement  was  approxi¬ 
mately  inches  —  3  to  4  possibly. 
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NUCLEAR  WEAPON  BLAST  AND  GROUND  SHOCK  EFFECTS 


ON  DYNAMIC  RESPONSE  OF  INTERIOR  COMPONENTS 
^ND  EQUIPMENT  IN  UNDERGROUND  STRUaURES* 


S.  Weiasman,  C.  Coheu  and  N.  Oobbi 
Anrunan.1  li  Whitney.  Cotieulting  Engineers, 
New  York 


This  paper  presents  the  procedures  and  significant  results  of  studies 
cf  the  dynamic  responses  of  hardrncd  underground  rectangular  and  silo 
type  structures  suUjccied  to  me;i.<on  nuclear  weapons  hla:<t  and  ground 
shoc'i  effects  with  particular  attention  to  the  transmission  of  .ihock  and 
vibration  to  the  interior  structural  components  and  contents  of  the 
structure.  Included  is  a  brief  genera  aiscussion  of  the  simclure  and 
soil  interaction  problem. 


GhM  RAL  UTTERACTION  PROBLEM 

Underground  structures  experience  mo> 
tions  which  are  a  function  of  the  free-fidld 
motions  ol  the  surrounding  soil,  the  blast 
pressured  .  :>rUed  directly  to  the  structure, 
and  the  .ntei  action  between  the  soil  and  the 
structure. 

It  Is  Important  to  note  that  (ree-fleld 
ground  motions  are  obtalneii  on  the  assunv- 
tlon  that  there  is  no  structure  or  other  large 
discontinuity  of  mass  and  stiffness  present 
within  the  soil  in  the  area  of  interest.  The 
motion  of  a  strvcbire  placed  In  the  soil,  shown 
ischeinuUcaiiy  In  Tig.  1,  and  Its  effect  on  the 
adlaceni.  ground  motions  depends  on  the  dlmen* 
aloiw  and  mars  of  structure.  Generally,  a 
a.D?'!  light  structure  tends  to  move  with  the 
aurruundlng  soil,  whereas  a  large  structure 
will  modify  U>«  free-fleld  motions.  The  re> 
sponses  of  .'i  large  underground  structure  may 
be  estimsled  by  evaluating  tbs  Interaction  of 
the  structure  and  ute  surrounding  soil  during 


the  transient  ground  shock  motions.  Because 
the  phenomeaa  sssnrlsfed  wP'  these  interaction 
effects  are  extremely  eojaplex  and  difficult  to 
analyse  almpUllad  ayaissss  have  been  assumed 
in  order  to  obtain  even  aa  sfpraxlmata  solution. 
In  general,  the  maay  problems  which  are  en¬ 
countered  in  the  analysis  of  undergrtxmd 
structures  are  further  coa^Ucatsd  by  the  un¬ 
certainties  a— uc  iaied  With  the  prediction  of 
free-fleld  ground  mntlone  and  corresponding 
shock  spectra  (1,3]. 


DESIGN  REQUIREMENTS 

For  design  puiposss.  It  is  necessary  to 
evaliiuti!  the  dynoalc  responses  of  both  a 
bardsticd  structure  and  lU  contunts  to  the 
nuclear  blast  and  <hock  eavlronmsot.  Of  par¬ 
ticular  interest  are  the  following: 

1.  Maxle-um  stress,  dtsplacssseut  and 
av  -eleration  induced  la  the  structural  com- 
pw.-'its. 
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Fig.  1  •  Schematic  of  struct*. re 
in  a  grouml  «hock  field 


2.  Vibrational  environment  (or  shock 
seiisitive  equipment  and  personnel  placed  in 
the  structure. 

3.  Design  criteria  (or  shock  isolaUon 
systems. 

In  considerine  these  design  requirem*  '.ts 
as  ILcj  1  elate  to  the  structural  analysis  u( 
ground  shock  e((ects,  emphasis  is  placed  on 
the  transmission  o(  shock  and  vibration  to  the 
’'ir.r  structural  components  and  contents 
U  the  structure,  since  (or  many  hardened 
atruclure:'!  it  appears  adequate  to  consider  the 
edect  o(  the  direct  blast  pressures  only  when 
analysing  and  designing  individual  exterior 
po  i  -na  Of  the  atnirturo,  altnough  ground 
moib...e  v-((ects  should  he  considered  (or 
shetr  wall  and  deep  beam  action.  However, 
(or  the  design  o(  the  Interior  structural  com* 
ponerds,  particularly  in  large  multistory 
structures  and  structures  which  contain  shrek 
sensitive  equipment,  the  vibrational  e((ect8 
resulting  (mm  the  structure  motions  may  be 
critical  with  resp:.ct  to  the  design  o(  interior 
floors  and  columns,  etc.,  and  the  determiiia- 
*-on  o(  th>'  required  snack  isolation  (or 
equipment. 


VfSLUCITY  PULSE 

III  many  cases  only  (ree-(tcid  ground 
shock  spectra  are  specKied  as  declgn  ertt. 

A  typical  spectrum  iu  uliuwn  in  Fig.  2  >:'''.eru 
the  aiiUd  line  Is  an  art'<al  spectrum  curve  and 
the  dashed  Uiu^  is  an  envelope  to  the  spectru  n. 
These  cannot  De  applied  directly  to  the  anal¬ 
ysis  ot  many  structures  because  ol  the  inter¬ 
action  o(  the  ground  and  the  structure.  Also, 
moat  shock  spectra  are  basad  on  clastic  re¬ 
sponse  and  cannot  be  applied  directly  when 
eliialu|>lastlc,  nonlinear,  and  diocouiinaoua 
structural  behuvlur  exists.  In  these  cases  a 


synthesized  ground  motion  (ttme-hlstory) 
curve  consistent  with  the  spectrum  is  useiul. 
Such  ground  motions  have  been  synthesized  by 
approximating  the  ground  ,  '  .lion  as  a  ‘iiiigie 
velocity  pulse  [^1 .  A  velocity  pulse  of  the  form 
as  shown  lii  Fig  3  has  been  found  to  agree  with 
specli  a  within  reasonable  limits.  The  pulse  is 
a  rounded  i  >'yorientlal  cu.  ve  witii  an  exponential 
decay.  This  p»isc  when  anplled  to  l  series  of 
single  degree-of-(reedoiu  oscillators  will  re¬ 
sult  in  the  peak  responses  given  by  the  spec¬ 
trum.  Thus,  a  time-hin'ory  ground  motion, 
consistent  with  shock  spectra  previously  spec- 
ided  or  calculated,  and  which  will  have  a  wide 
range  ot  applicability  is  established. 


The  velocity  pulse  Is  of  the  following 
form; 

■/(t)  =  (1) 

where 

vit)  =  the  velorify  of  the  base  as  a  func¬ 
tion  o'  time  (inches  per  second) 

>  parameter  in  units  of  velocity 
(constant  (it  a  particular  spec¬ 
trum)  (inches  per  second) 

1  '»  Time  (seconds) 

»  !<r  rameter  In  units  of  time  (con¬ 
stant  (or  a  particular  spectrum) 
(seconds) 

a  m  dlrnensionlc  ■  •  -larameter  (constant 
(or  a  narticui'-  '  soectrum) 

.  .  fiase  of  n<ui!T.ii  .igarithms. 

The  parameters  v,,  r  and  a  are  a  (unc¬ 
tion  of  the  shape  ol  the  spenrum  curve. 
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Fig.  3  -  Vuloiiiy 


V,  and  ’  are  tsstntlally  dependent  upon  ihe 
low-frcquency  range  o(  the  spectnim  and  p>'t> 
marlly  ^(ect  the  peak  velocity  and  decay  at 
the  velocity  pulse.  ./  is  dependent  upon  the 
high-frequency  range  of  '.he  spertrjr’  and 
pritrarily  affects  the  rise  time  to  the  peak 
velocity  of  the  velocity  pulse.  First  tilal 
values  for  and  t  are  obtained  by  neglecting 
the  second  term  of  Eq.  (1)  dial  substituting  the 
displacement  response  values  for  two  points 
from  the  given  spectrum  In  the  following 
equations: 


where 

u,  ■->  displacement  response  (Inches)  for 
frequency  (.vj) 

u,  ■  displacement  response  (inches)  for 
frequency 

u  X  .indamped  natural  circular  frequoncy 
(radians  pe:.'  second). 

Since  Eqs.  (2  and  3)  are  based  on  the  low- 
frequency  range  of  tlie  spectnim.  It  Is  neces- 
shiy  tn  .select  the  two  points  at  frequencies 
oclow  i*'.e  frequency  ■>*  which  the  peak  accel¬ 
eration  response  of  the  spectrum  c  "c  v-j,  a 
point  in  the  very  low-frequency  ranite  the 
q.tectrum  curve  and  another 't  a  hiK...-"-  fre¬ 
quency  depending  on  the  pairicula'  '  .am 
shape. 

Once  T  and  v,  have  been  eslimated  a  is 
'heii  computed,  a  is  a  function  of  the  rise  time 
as  follows: 
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•r  =  *"  '  •  W 

where  t ,  is  the  rise  time.  In  most  cases  the 
rise  time  will  not  be  accurately  known  and  the 
following  expression  can  be  us^: 


whor.'  A,  Is  the  peak  acceleratlor.  tor  a  par¬ 
ticular  spectrum. 

U  is  necessary  to  check  8eve:-ai  points 
on  tl.e  spectrum  since  the  shape  of  particular 
spectra  may  not  exactly  correspond  to  the 
velocity  polcc  at  every  frequency.  This  may 
be  done  by  substituting  values  of  the  natural 
circular  frequency  in  Eq.  (6)  belov/  at  various 
points  throughout  the  spectrum  with  the  pre¬ 
viously  determined  values  of  r  and  x, 
comparing  the  displacement  (u)  so  deter¬ 
mined  with  the  given  'ne.trum.  In  general 
the  two  spectra  will  not  exartly  coincide  a’ 
every  frequency  and  it  may  be  necessary  .o 
adjust  v^,  r ,  or  both  taking  into  ecceunt  the 
corresponding  change  in  i ,  in  order  to  obtain 
a  velocity  pulse  resulting  in  responses  approx- 
imaiely  consistent  with  the  entire  spectrum 
curve.  In  some  cases  It  may  be  necessary  to 
use  a  velocity  pulse  which  results  in  con¬ 
servative  responses  at  certain  frequencies  In 
order  that  other  frequency  responses  are  not 
40.  >w  compared  to  the  given  ipectrum  curve. 

V.  r  (a  -  1) 

^  . (6) 

♦  T*  U^)  {4^  ♦  T*<sl^) 

where  u.  is  the  displacement  response  for  a 
particular  frequency  (<^)  from  the  response 
spectrum. 


DYNAMIC  ANALYSIS  OF  A  SECTION 
OP  A  RECTANGULAR  MULTI- 
STORi  SlRLCTUrtE 

The  dynamic  responses  of  a  typical 
Interior  bay  u;  a  uiulll ■  iiory,  ujultl  bay,  re¬ 
inforced  concrete,  burlec,  flat  slab  type  strjr. 
ture,  subjected  lo  lOO-psl  peak  air  overpres¬ 
sure,  were  a.ialyzed  with  a  digital  computer 
alter  many  simplifications  bad  been  made  tc 
achieve  a  feasible  solution.  To  determine  a 
practical  solution,  a  simplified  mathematical 
ricdel  was  cstsbliohcd  which  replaced  an 
Interior  section  of  the  structure  and  adjacant 
soil.  The  model  was  expected  to  have  re¬ 
sponses  to  the  given  Input  similv  t'>  thoss  of 
the  actual  structure,  coiiBlste,d  with  the  accu¬ 
racy  of  the  Input  diita. 


Figure  4  illustrates  a  mathematical  mndrl 
of  tl'  •  type  utilized  in  the  miaiysis.  This  model 
cons.  Jers  the  motion  of  a  typical  interior  bay 
in  the  vertical  direction  only.  It  does  not  con¬ 
sider  the  effects  of  relative  trar.sveroo  motion 
between  adjacent  bays  and  the  coupling  of  ver¬ 
tical,  horizontal  and  rotational  motions.  The 
model  is  composed  of  lumped  masses  for  slabs, 
columns,  and  soil  whu:h  are  cunnectetl  by  com¬ 
pression,  flexural  and  shear  springs,  and 
dashpots.  Masses  1  to  3  represent  column 
seclions;  mass  7  represents  the  roof  slab; 
mass  10  the  base  slab.  Mass  9  is  an  interior 
floor  beam  and  mass  S  an  interior  floor  slab. 
The  slab  and  beam  masses  correspond  to  a 
typical  interlot  hay  which  is  symmetrical  with 
respect  to  the  culumn,  and  the  correspon  g 
spring  constants  represent  the  resistanci  .ler 
unit  displacement  of  the  center  of  the  bay, 
between  adjacent  columns  v.’ith  respect  to  the 
column.  Masses  4,  5,  6,  V  xtid  12  represent 
the  soil  mass'  .*  uoder  the  structuie.  The  soil 


Fig.  4  •  Vertical  analyeia. 
Typical  Interior  l  ay  model. 
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masses  are  connected  by  compresbion  and 
shear  springs  (FIk.  4). 

In  the  analysis  the  time  dependent  blast 
loading  P(  o  is  applied  to  the  roui  masses, 
and  a  point  in  the  soil  far  enough  below  the 
strjcUie  to  move  as  the  free-(ield,  has 
motions  corresponding  to  the  vertical  velocity 
pulse  V(t)  determined  from  the  tree-field 
ground  shock  spectrum  ss  previously  dc- 
scrioed.  The  solution  of  the  model  involved 
solving  equationa  of  motion  for  the  various 
masses  simultanecosly  by  numerical  integra¬ 
tion  taking  into  account  var'.aole  parameters, 
such  as  changes  In  spring  constants  corre¬ 
sponding  to  clastoplastic  or  plastic  behavior. 

Typical  lesults  of  responses  determined 
in  the  analysis  are  shown  in  the  following  fig¬ 
ures.  These  figures  pertain  lo  the  first  run 
in  the  analysis  which  considered  the  responses 
due  to  the  blast  load  on  the  roof  only.  Figure  S 
is  a  plot  of  Ui«  dynamic  resistance  and  acrel- 
eraiion  of  the  roof  siao  versus  time,  the  roof 
slab  being  subject  to  direct  blast  io^.  As 
shown,  the  acceleration  is  14.4g  down 
ami  liie  peak  response  of  6,900  kips  repre- 
aent*  an  elastic  response  of  1.2  with  respect 
It.  'i.c  bluo<  luod.  Preliminary  results  of  the 
rcbpc.ises  due  to  (otnbine<a  blast  ^Ad  velocity 
pulse  ground  shock  motion  have  indicated  that 
the  peak  responses  increased  due  to  the  com¬ 
bined  effect  of  the  direct  blast  load  and  the 
downwari'  tr.oUon  of  the  foundaticr. 

Figure  6  Is  a  plot  of  the  resistance  of  a 
tj’pical  Interior  column  due  to  the  effect  of 


blast  load  only.  The  peak  resistance  of  10,000 
kips  represents  a  response  of  1.^  with  respect 
to  the  blast  ad.  Preliminary  results  have 
indicated  that  the  effect  of  ‘he  velocity  pulse 
grouiid  motion  Increases  the  peak  column  re- 
spoiibe  due  to  the  eoiui/i:i<”*  blast  and  ground 
slujck  effect  and  that  tlx  column  goes  plaoliu. 

Figure  '(  is  a  plot  of  the  resistance  and 
:ce>  ration  of  a  typical  interior  floor  slab. 

As  ...wwn  the  slab  experiences  considerable 
rc-.arsed  bcndi::g.  As  indicated  by  the  peak 
accelerationa,  the  dynamic  reslntnnce  re¬ 
sponses  with  retpect  to  the  dead  load  are  6.5 
for  downward  dufleethMi  and  5.2  for  reversed 
or  reward  deflection.  Thus,  it  is  important 
thu  these  Tibrutional  effects  be  considrred 
even  though  th?  interior  slabs  are  not  subjected 
to  direct  blast  loading.  Preliminary  resuUa 
of  the  effect  of  the  combined  blast  and  velocity 
pulse  motion  has  indicated  that  the  reversed 
bending  response  of  the  slab  increases. 

It  is  Imporfaal  to  note  that  many  problems 
extm  in  an  mutlysii  'T  Uds  type  particularly 
with  regard  to  ^nan'i'  k  il  prooertlen  and 
the  time  at  onset  of  the  ground  motion.  The 
matboda  o(  cnlculalion  of  atlffnesa  and  damp¬ 
ing  coefficieids  ts  tbe  einetic  and  elnsto- 
plastic  ranges  for  ths  coecrete  and  steel 
structural  enmpnnsiUn  of  tbn  building  are  well 
known.  However,  dlfficulUen  srisu  in  express¬ 
ing  tbe  approdmate  dynamic  noil  parametera 
to  be  used.  In  tbs  dyaaiiilc  aualysis  of  struc¬ 
ture  and  eoi.  interaction  it  in  Imi^rtant  to 
consider  the  vnrUtSuas  la  Um  suil  s'-rest'-alraln 


Fig.  3  -  Dynunt'*  >  esi4tance  and  a.-ca.'e ration  of  roof  ilab 
(vertical  dlrectloi.) 
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Lui've  and  corre^fHMcUng  cbancet  in  atillntaa. 
AltUiugii  dynkmic  beiuivlor  of  .xoila  haa  been 
Mtd  in  currently  being  inveatigated  throuirl* 
Juratory  teata  and  theoretical  atudi?a(^4,b,f] 
and  many  nthvr  cut  rent  atuulea),  the  actual  in 
situ  behavior  o(  aoila  under  biaat  loadinga  r"** 
Btill  uncertain.  However,  the  particular  type 
and  Intcnaity  o(  loading  which  the  loil  will 
rxpcrience  (4j{>«ndlng  on  tha  pt-mclmity  to  the 
structure,  ahould  be  evaluated  and  appropriate 
laboratory  teetu  rh  as  a  confined  compres¬ 
sion  test  ahould  -  >-  performed'  anu  tha  results 


evaluated  baaed  on  judgment  and  theoretical 
knowledge  of  soil  behavior. 

The  nature  of  nuclear  blast  loadings  are 
such  that  c  large  expanse  of  soil  is  stressed 
effecting  a  condition  r..  liit'-.-al  coiiftncment. 
This  lateral  restraint  rcKits  in  ar  increasiiig 
modulus  of  romr  esBini.  /'-'ih  irH:reasing 
stress  for  ma.ty  soiia  ..ic  ao<i  becomes 
extremely  tompactad  uio  .'  nse  particularly 
'.nder  higbci  /rrssures.  A  general  stress- 
strain  curve  indicating  a  constantly  Increasing 
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m.<)ulu8  is  shown  in  Fig.  8(a).  The  p^ress 
range  at  'vhich  this  type  of  stress- strain  rela¬ 
tionship  (.icrurs  depends  upon  the  particular 
soil,  although  it  is  generally  assoriaii^  with 
the  iiigher  stress  ranges. 

For  different  soil  types  or  for  ditlerent 
loadings  applied  to  the  same  soil  tne  cor¬ 
responding  stress-strain  relationships  vary. 
For  example,  a  stress-strain  rurve  ro~  a 
granular  soil  would  start  elastically  at  a  rela¬ 
tively  high  ir.uduius  dut  to  shear  between  lae 
grains  resulting  from  friction.  When  the  fric¬ 
tion  forces  .are  overcome  the  modulus  will 
decrease  due  to  comps'.-tioa  of  the  soil  and 
would  then  gradually  increase  with  IncreasLng 
stress.  A  stress- strain  curve  of  tlus  type  ts 
shown  in  Fig  6(b).  For  e.Ntremely  high 
stresses  the  modulus  may  decrease  due  to 
plastic  deformation  of  the  soU  grains  and  thus 
a  plateau  would  be  reached  on  the  stress- 
strain  curve  as  indicated  In  Fig,  8(b). 


It) 


Fig.  8  -  Typical  aoil  stre**- 
•  Iraia  curves 


C  .mpresdion  stress-strain  curves  dster- 
mined  in  the  laboratory  by  a  standard  trlastal 
soil  test  witn  cor.staia  tatsral  confining  i^es- 
aurc  ars  not  usually  reprsasntaUve  of  soil 
behavior  under  blast  loading  conditions,  except, 
perhaps,  for  the  low-stress  range,  as  Indicated 
In  the  l/pical  triaxlal  teat,  compression,  stress- 
strain  curve  shown  in  Fig.  8(c)  where  the  mod¬ 
ulus  decreases  with  Inercaning  stress,  and 
fallu'-e  of  the  apsclmen  occurs  at  a  relatively 
low  compressive  stress  compared  to  expected 
blast  load  Intensities.  However,  me  results  of 
constant-ratio-of-applied-stress  trlaxiel  teats. 
In  which  case  ths  lateral  confining  pressure  is 


increased  proporUoidly  with  the  vertical 
pressure,  iii'^icate  a  more  representative  soil 
behavior  [2,1  ^  .is  'hown  in  the  stress-strain 
vu»  «e  for  a  test  jf  this  type  in  Fig.  I  (d)  where 
the  modulus  does  not  sh^  ly  decrease  with 
increasing  stress  and  would  tend  to  increase 
in  the  higher  slress  raiigc. 

Thus,  in  order  to  evaluate  soli  compres- 
in  '  re  ss- strain  relationships  in  the  labo¬ 
ratory  a  type  of  confined  compression  test  is 
required,  and  even  this  type  of  test  results  in 
an  approximate  estimate  cf  the  probable  in 
situ  stress- strain  relationships  under  actual 
dynamic  loading. 

For  the  purpose  of  the  dynamic  analysis 
It  may  he  auitable  anii  convenient  to  approxi¬ 
mate  the  variable  aoil  stress- strain  carves  by 
a  aeries  of  straight  llnea,  each  representing 
a  constant  compression  gpring  cor..-’..uit,  which 
aperoxi  mates  the  actu.ij  streas-strain  rela¬ 
tionships.  It  may  also  be  convenient  for  par¬ 
ticular  soils  to  approxinisfa  the  soil  atreaa- 
straln  relatlonshipb  an  elementary  curve 
of  known  mathematieal  nrr.iertles.  iterance 
1  describes  an  analysis  in  which  ths  type  of 
soil  aid  loading  were  such  that  tbs  stress- 
strain  curve  could  be  appreximatsd  by  a  hyper¬ 
bola  which  mal  hematic  ally  expraaaed  aa  In¬ 
creasing  compressUsi  modulus. 

Another  importaal  factor  la  the  analysia 
la  the  time  of  onset  of  the  ground  motion,  la 
terms  of  the  velocity  pulaa,  with  respect  to 
Jie  blast  wave  arrival  on  the  ruol.  The  proper 
time  is  di'ficuH  to  establlsi.  since  It  depends 
upon  tbr  shock  wave  tnuiwilasioa  la  the 
ground  and  um  relatlvw  iqieeds  of  the  air  blast 
wave  and  the  ground  eeleaUc  velocity.  How¬ 
ever,  Ihe  limits  of  time  of  ooaet  should  be 
estimated  with  due  regard  to  the  particular 
site  conditions. 


ANALYSIS  OF  AN  EQUIFMEN'l' 

SHOCK  ISOLATTON  STTTEM 

A  aecUon  of  ar.  exlstlag  structure  was 
analysed  with  respect  to  a  shock  Isolation  sys- 
t?m  for  a  heavy  piece  if  equipment  which  was 
s(u-ik  mounted  to  an  Interior  beam  as  shown 
scbcfflatirally  in  u».  mathematical  model  of 
rig.  9.  In  the  actual  structure  lue  ccame  and 
equipment  were  eymmotnvui  vrtr'  r  iqiect  to 
the  supporting  intcrmedlaie  col(it,.<.  The  fre¬ 
quency  of  the  column,  roof  slab  u,-. v  the  rui- 
umn,  and  base  slab  Ih-Iow  the  columt  .ire  such 
that  then  components  couhi  be  cocaidered 
rigid  compared  to  the  equipment  and  beam. 
Thuu  M|  repreuents  the  combined  m»sa  of  the 
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fig.  •)  -  Moan  fo  •  in&lysi* 
ul  btluck  iaOl.>lioti 

aySLcm 


enture  system  except  the  equipment  and  th' 
equipment  supporti.ng  members.  Uass  3 
reprenentn  tlie  mass  of  the  equipment  and  kj 
the  spring  support  for  the  equipment.  Mass  2 
reiiresents  the  mass  of  the  beam  and  !ij  the 
flexural  et/fnesc  of  the  beam,  h,  represents 


the  stiffness  of  the  soil  below  the  structure 
basi-  scc'ion.  The  time  dependent  blast  loa1 
Pft )  «lih  a  peak  of  25  psi,  acts  on  the  roof, 
and  the  ground  motion  at  a  point  below  the 
base  is  known  in  terms  of  the  velocity  pulse 
V(t). 

The  purpose  oi  the  analysis  was  to  make 
an  approximate  cheek  of  the  adequacy  of  the 
existing  qtriiig  length  in  isolating  the  s-hock 
mounted  equipment.  The  equations  of  motion 
were  numerically  integrated  assuming  linear 
elastic  action  of  the  beam  and  linear  elastic 
action  of  the  equipment  spring  unless  titc  solid 
height  of  the  spring  occurs. 

The  enalysis  was  performed  assuming 
blast  pressure  and  ground  motion  acting  simul¬ 
taneously  and  also  assuming  only  blast  pres¬ 
sure  artir.g,  in  order  to  determine  the  critical 
loading  condition.  Figure  is  a  plot  of  the 
beam  rcuiotai  cc  versus  lime  where  the  .‘ioUd 
line  >  1  for  blast  and  ground  motion  and  the 
dashed  line  represents  blast  only,  For  each 
loading  two  .  \aes  fur  the  equipment  spring 
were  consirierr'd. 

1.  The  art’jal  raring  length  and  the 
solid  height  of  the  spring  were  used. 


] 


J 

( 
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Fig.  10  -  Bevm  reaiitance  v*  time 
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2.  The  spring  was  at  the  same  stillness 
but  long  enough  to  withstand  the  maximum  rela¬ 
tive  displacement.  This  was  used  to  estimate 
the  required  spring  length  if  the  existing  spring 
was  nut  adequate. 

As  shuwn  in  Fig.  10  lia:  solid  height  ul  the 
existing  spring  was  reached  for  both  lcadl;.g 
conditions  and  ioclcing  of  the  spring  occcrrt-i 
As  shown  the  resulting  elastic  response  of  the 
beam  without  lociung  increased  from  about  200- 
300  kips  to  600-9U0  kips  due  to  equipment  im¬ 
pact  after  spring  lockii^. 

From  the  response  of  the  equipment  spring 
the  required  length  of  the  spring  may  be  esti¬ 
mated  and  the  shock  isolation  system  modified 
to  prevent  tiie  excess  beaei  stress  due  lu  impact. 


nVTlAMlC  ANALYSIS  OF  SILO 
OVERHEAD  DOOR 

The  combined  affects  of  blast  loVUng  and 
vertical  ground  shock  on  an  overhead  silo  door 
weie  iiudtod  to  determine  the  magnitudes  of 
tho  rrlatlve  motion  between  the  door  and  the 
'.iV  tnd  £*i'OS‘:c'S  in  the  door  system  If  tie¬ 
downs  arc  4iu>.  piovidad  [8]. 

For  U;t>  purposes  of  the  analysis,  ths  silo 
door  was  approodmated  by  a  single  degrec-of- 
freedom  t  .  s'em.  The  silo  motion-  caused  by 
ground  sh'-'k  re.e  defined  by  the  velocity  pulse 
correfp>inU:ng  to  the  average  shock  spectrum 
(or  the  silo.  The  relative  motions  between  the 
sil'j  and  the  door  were  obtained  by  applying  the 
velocity  pulse  to  the  silo  and  the  blast  load  to 
the  door  and  performing  numerical  Integrations 
including  the  effects  of  damping  since  the  rela¬ 
tive  arrival  times  were  uncertain.  Several 
rnmntnatinna  of  blast  overpressure  and  ground 
shock  w.  re  assumed  in  the  analysis,  in  order 
to  evaUiat.^  a  rar«e  of  possiMe  conditions  of 
loading  and  to  determine  the  critical  condition. 

The  cases  analyssd  w«t«. 

Cass  1.  Blast  pcesaure  only  at  t  >-  0. 

Case  2.  Blast  pressure  at  t  >  C  with 

ground  shock  applied  at  time  of 
maximum  resistance  in  (he  door. 

Case  3.  Blast  pressure  at  t  0  with 

ground  shock  applied  at  urns  of 
minimum  rsslstsace  in  ths  door. 

Cass  4.  Blast  pressure  and  ground  sl.ack 
applied  slmuttanvous'.y  at  t  *  0. 
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Case  5.  Ground  shuck  at  t  -  3  with  blast 
ressure  applied  at  time  of  max¬ 
imum  difference  in  displacement 
between  the  silo  and  the  door. 

The  vertical  plastic  capacity  of  the  door 
was  taken  as  7400  kips. 

T  ,r  case  1,  with  blast  load  (3700  kips) 
onl> ,  the  peak  response  ot  the  door  was  6600 
kips  and  lai  separation  between  the  door  and 
the  silo  occurred. 

For  case  2  where  grramd  shock  was  ap¬ 
plies  at  maximum  reststance,  the  peak  re¬ 
sponse  of  6800  kips  was  not  affect^  and  no 
separation  between  the  door  and  sUo  occurred. 

For  case  3  where  the  ground  .shock  was 
applied  at  minimum  resiatance  the  peak  re- 
8pon.se  of  6600  kips  was  n-'A  afteetco.  This 
case  was  assumed  to  >.heck  any  tendency  for 
thi.  door  *.u  lift  off  the  silo  when  ground  sliock 
arrived  alter  the  n’cist.  There  was  no  S'^ara- 
Uon  between  the  door  and  the  silo. 

Thus,  for  the  first  three  cases  where 
only  blast  pressure  existed  or  gT^iund  shock 
arrived  alter  the  blast,  the  door  was  found  to 
remain  elastic  wllhou^  any  rebound  or  lifting 
of  the  door  off  the  silo  roof. 

However,  under  cases  4  and  5,  the  door  ini¬ 
tially  lifted  off  the  silo  root  as  illustrated  in 
the  following  figures.  For  case  4  (Fig.  11) 
where  the  blast  and  ground  shock  wore  ap¬ 
plied  simultaneously  the  door  separated  0.05 
Inches  and  the  muxlmum  resistance  increased 
to  6900  kips,  thus  itlU  remaining  elastic. 

Shown  on  Fig.  11  is  a  schematic  model  ot  the 
door  and  alio  support  where  Pf  t )  is  the  hlast 
overpressure  applied  In  the  door  and  V(  t  >  is 
the  velocity  pulse  motion  of  the  silo.  .41so 
shown  for  comparison  is  the  reqionse  for 
bUsi  iusJ  only  and  the  applied  blast  load 
curvt 

Cass  5  (Fig.  12),  where  the  blast  was 
applied  alter  the  ground  shock  and  a  separa¬ 
tion  of  1.27  inches  occurred,  was  found  to  be 
tr.o  worst  case.  Due  to  th?  Impact  effects  the 
peak  ri'gponse  iac’-cased  to  its  maximum 
rnpaclty  and  the  Joor  yielded  ,'l:.c“colly  with 
a  ^ctility  ratio  ot  1.64. 

However,  it  must  be  noted  ...o  same 
ground  motion  was  used  for  .'*1  This 

appear'  jnreasonab.  :nr  caae  5,  'ince  out¬ 
running  ground  motlonu  appear  to  be  small 
cnir>pare<9  to  the  peak  effects  at  this  pressure 
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considered  ?.»  a  rij'id  body.  Twelve  coor  • 
(Uiiates  wer"  used  to  specify  completely  .r. 
space  the  position  of  two  rigid  bodies  at  any 
time.  The  structure  was  assumed  to  '->o 
linear  and  clastic. 

VariouL  analyses  of  the  crib  assemblage 
were  performed  to  determine  the  effects  of 
ground  shock  in  two  vertical  planes  at  90''  to 
each  other.  Both  planes  pa.ssed  through  >he 
ceiuer  ui  the  crib.  One  also  passed  through 
the  center  of  the  r  .issile.  Doth  were  analyzed 
with  the  missile  in  100  percent,  and  unloxed, 
cnivlitions.  Effect  of  tolerances  in  the  location 


of  the  center  of  gravity  of  the  su^-nded  system 
and  of  the  elaat’c  center  of  suspenslun  springs 
was  also  consi<  red. 

For  ground  .shuck  parallel  to  the  YY  dircc 
tionthe  elastic  center  of  t.he  suspension  sprii.gs 
and  the  center  of  gravity  rf  crib,  missile  and 
launch  platform  lie  in  a  verdeni  plane  which  is 
almost  parallel  to  the  plane  of  ground  shock  ?.s 
- n  o  '  Pig,  10.  Thus,  plane  motion  of  the  crib 
for  gr<.  and  shock  parallel  to  the  YY  plane,  as 
shown  in  the  mathematical  model  (Fig.  14),  was 
assumed  to  give  a  good  approximation  to  the 
resulting  oscillation  In  this  direction. 


For  ground  sliock  parallel  to  the  XX  direc¬ 
tion  the  eccentricity  of  the  rci'tcr  of  grai'ity 
from  the  elastic  center  must  be  considered 
and  is  defined  by  the  twelve  coordinates  sliuwn 
in  the  mathematical  model  (Fig.  15). 

The  significant  conclusions  resulting  from 
these  two  cases  were  as  follows: 

1.  Linear  Jiffei  eniial  equations  <ii  nui.u;' 
aj-e  adequate  for  determining  dy.namic  displace¬ 
ments  and  accelerations. 

2.  The  eccentricity  between  the  clastic 
center  of  the  suspension  springs  and  center  of 
gravity  of  the  entire  suspended  crib  system 


is  an  important  factor  aid  has  considerable 
cff.  t  c;.  the  maximum  dvnaniic.  liori^onUi 
and  angular  displacement  and  accelerations  of 
the  crib. 

3.  Maximum  dynamic  responses  of  the 
crib  and  of  the  launch  platform  with  the  100- 
percei.t  loxed  m  ;ssile  were  larger  than  those 
when  the  missile  wms  nol  loxed. 

4.  The  effect  of  coupling  of  dynamic  rc- 
spo.ises  was  evaluated  by  assuming  that  the 
entire  system  acted  as  a  single  rigid  body 
suspended  from  the  silo,  and  that  the  elastic 
center  of  the  suspension  springs  coincides 
with  the  centei  of  gravity  of  the  entire 


Fig.  IS  Spatial  motion  of  auspended  crib, 
miaaile  and  launch  platform 


8us)>end(!d  rigid  body.  In  this  case  the 
mum  dynairic  responses  of  the  crib  s’cri. 
obtained  directly  from  the  design  shock 
spectra.  This  gave  good  approx* m at ionn  to 
the  horizontal  and  vertical  displacements,  ar,d 
vertical  acceleration  at  the  elastic  center  of 
the  suspension  of  the  crib  compared  with  re¬ 
sponses  for  around  shuck  in  the  YV  direction, 
but  It  gave  very  low  values  for  the  horizontal 
acceleration,  angular  displacement  and  accel¬ 
eration  at  tha'  ruiiii. 

Other  conclusions  drawn  fr',m  the  results 
of  the  Vdi'ious  analyses  were: 

1.  Maximum  dynamic  respunSes  of  thr 
crili  to  ground  shock  parallel  to  y\  were 
either  approximately  eo,ual  to  or  gi'eater  than 
maximum  aynamic  restKxises  to  shock  parallel 
to  XX  dlrectlnn. 


2.  Maximum  r>  iative  horizontal  displace¬ 
ment,  m:iximu:  re'alive  vertical  displacement, 
and  maximum  vertical  acceleration  of  the  crib 
at  its  elastic  center  of  suspension  s.-rings 
were  nearly  iiidependent  of  Llic  direction  of 
groural  shuck  and  of  the  percentage  of  fuel  in 
Ihe  mis.nle  and  in  the  storage  tank  of  the  crib. 
Maximum  horizontal  accelecaiton  oi  the  i:rib 

is  great-  St,  among  the  cases  studied,  when  the 
sfiuol.  -  .curred  in  a  plane  parallel  to  YY  and 
the  missile  was  lUO-percent  loxed. 

3.  Ground  shock  parallel  to  XX  caused 
dynamic  angular  displacement  and  acceler¬ 
ation  about  the  vertical  axis  uf  the  crib 
which  are  of  the  same  n  .ier  of  magnitude 
as  the  dynamic  angular  displacements  and 
accelerations  of  the  crib  atout  the  hori¬ 
zontal  axes. 
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DISCUSSION 


Mr.  Flathau  (U.  S.  Army  Wcdc-rways  Exp. 
Station):  Regardine  Fig.  4,  I  would  like  to 
know  if  you  arbitrarily  selected  the  reference 
plane  lor  your  mass  from  some  particular 
free-field  velocity.  Did  you  just  arbitrarily 
select  a  velocity  and  use  liial  velocity  at  some 
depth  tor  your  lereience  plane  ^ 

Mr.  '-Velsaman:  Well,  it  isn't  .j'bitrary 
although  it  is  difficult  to  establish  the  exact, 
proper  point.  The  idea  there  is  to  go  down 
far  enough  so  that,  assuming  you  know  free- 
field  grouitd  shock  motion,  you  are  down  to  a 
point  where  these  free-fleld  motions  will 
exist.  In  other  words,  so  that  they're  not 
affected  by  the  structure. 

Mr.  Flathau:  Then  you  have  selected 
some  particular  level  where  you  will  have  a 
velocity.  Did  you  then  take  into  account  the 
motion  of  this  particular  plane  of  the  soil  in 
your  subsequent  dynamic  analysis  of  voiir 
ay.sferi?  The  plane  would  be  moving  and 
therefore  your  mass  would  be  referenced  to 
this  moving  plane? 

Mr.  '.Vcissman:  That's  right.  Tliat  would 
aetuallv  b*.'  Uio  reference  point.  In  other  words 
wc  re  specifying  the  motion  of  that  plane. 

Mr.  Flathau:  It  was  ‘ne’^ded  In  vour 

'ina. 

Mr.  Welssman:  The  ones  that  I  showed 
on  the  ri  spouse  charts  were  net  fer  that 
case.  We  don't  really  have  final  results  on 
that  but  the  prelimlnarv  results  indicated,  as 
1  have  pointed  out,  that  responses  tend  to  in¬ 
crease.  The  responses  that  1  had  shown  in  the 
first  analysis  of  the  multi-story  building  were 
w  itneut  the  velocity  pulse.  It  included  the 
stiffness  of  the  soil.  In  other  words,  it  wa- 
just  a  building  resting  o:i  a  foundation  which 
has  some  stress-strain  characteristics  and 
applying  a  blast  load  to  the  root. 

Mr.  Flatiiau:  I  was  just  wor.derlng  if  you 
did  use  a  reference  plane  and  If  you  did  tak? 
into  acrouiit  the  motion? 


Mr.  Weisaman:  In  the  second  analysis 
the  motion  of  the  soil  was  known  in  the  anal¬ 
ysis  and  that  would  be  the  reference  plane. 

Mr.  Cavanaugh  (Barry  Controls):  What 
is  the  physical  meting  of  this  resistance 
'laramcter  that  you  use? 

Mr.  Welssman:  That  was  actually  the 
responses  ci  the  stmciurai  members.  In 
other  words,  for  the  slabs,  tliat  would  just  be 
the  peak  bending  response  or  the  resistance 
that  was  developed. 

Mr.  Cavanaugh:  Is  this  the  peak  bending 
force? 

Mr.  Welssman:  In  bepd'ng.  m  me  col¬ 
umns  it  w’.-.ulcl  bt  for  eorapr.-sslon. 

Captain  L»ean  (U.  S.  Army  Waterways 
fcxp.  Statinr):  In  ;he  first  mathematical  model 
of  the  stioicture  you  discussed  Uie  difficulties 
in  determimng  Die  soil  pauamelers,  tiiat  is, 
the  stifliiess  and  damping  coefficients.  I  won¬ 
der  if  you  Would  discuss  briefly  the  consider¬ 
ations  involved  in  determining  the  magnitude 
of  the  soil  mass  that  acts  vlth  the  structure 
and  bow  you  determine  tiie  distribution  of 
Uiese  soil  masses. 

Mr.  Welssman:  Well,  as  I  pointed  out,  the 
mo<lel  was  tor  a  typical  interior  bay,  and  the 
soil  that  would  be  consi  Icrcd  would  be  the  soil 
directly  ur.ierncath  a  symmetrical  section  of 
the  bay.  We  feel,  although  it's  somewhat  un¬ 
certain,  that  the  masses  would  have  to  be 
broken  up  at  least  at  a  depth  somewhat  equal 
to  the  story  heights  in  the  buildings.  In  other 
words,  you  may  have  masses  lumped  together 
of  ten  feet  depths  and  whatever  widths  the 
panel  happens  to  be;  in  addition  to  lumping 
some  Ilf  the  mass  dlrrt'.ly  underneath  the 
building  with  the  base  layer.  This  is  uncer¬ 
tain  and  it  is  the  reason  why  we  don’t  reaily 
have  any  good  results  for  the  interaction  ef¬ 
fects.  It's  just  an  approach,  but  the  parame¬ 
ters  are  still  'incertain. 
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A  FREE-FIELD  STRESS  GAGE  AND  TEST  RESULTS 
IN  A  NfiW  1000-PSi  DYNAMIC  PRESSURE  TANK 


T.  Winston  and  J  R.  Siagner 
United  ElectrcOynamics.  liic. 
Pasadena*  California 


This  paper  is  a  report  on  a  frce-field  stress  gage  currently  under  de¬ 
velopment  for  A.?SWC  by  the  United  £arth  Sciences  Uivision  of  United 
ElectroDynamics,  Inc  The  gage  was  tested  under  static  and  dynamic 
cenditions  to  over  1000  psi  in  a  pressure  tank  especially  designed  and 
fabricated  for  this  purpose.  Present  test  results  indicate  ihat  the  gage 
reads  within  10  percent  of  the  free -field  stress  up  to  somewl'^t  beyond 
200  Dsi.  It  18  believed  that  future  gages* developed  along  tlie  saiu^  Inies* 
will  accurately  meast^re  frcc-fielu  atreases  up  to  1000  psi. 

An  important  side  result  was  the  deeig  :  ard  fabrication  ol  z  dynamic 
pressure  tanl;  used  in  gage  development  and  evaluation. 


IN  TkOllUCTloN 

The  UnUed  Earth  Sciences  (UES)  Divicion 
ol  United  ElcctroOynamics,  Inc.,  wan  let  a 
contract  by  ti;?  Air  Force  Special  Wea^ns 
Center  to  ^v.  z'ap  s>.  gage  designed  to  measure 
hiast  •  induced  tree>tield  stress  in  soil.  Mason 
and  Wolie'  discussed  the  problems  ol  measur¬ 
ing  soil  stress  under  these  conditions  and  de¬ 
scribed  a  gage  designed  to  overcome  some  ol 
these  problems.  This  paper  reviews  some  ol 
the  basic  design  conce^s  and  presents  the 
results  ol  a  series  of  static  and  dynamic  tests 
conducted  on  this  gage. 

It  !:'•  V.  best  exceedingly  dilllcuU  and  prob- 
asiy  irapossiOle  to  mechanically  match  Uie 
sircss-straln  charactertsticn  ol  soils  with  the 
traditional  elastic  elements  such  as  springs, 
diapbr'.gms,  etc.  The  main  reason  lor  this 
being  the  wide  variation  in  the  stresa-etrain 
properties  ol  soils.  U  the  eoU  Itaell  coul.t 
somehow  be  incorporated  as  an  active  element 
ol  a  gage,  then  it  seema  reasonable  that  the 
gaga  would  have  somevhat  the  som*  modulus 


*H*roi>'.  Mi.on,  and  C.  M.  Wolf.,  "A  Soil- 
Filled  Soil  Stre..  Gage,”  Bulletin  No.  28, 
Shock,  Vibration  and  Aaaociated  Environ¬ 
ments,  Part  111,  Seyt.  1960.  Office  of  the  Set. 
retary  of  Defen.e. 


of  deformation  as  that  of  the  Burrounding  soil 
in  which  it  is  embedded. 


SPOOL  FIIEE-FIEU)  STRESS 
GAGE  THEORY 

Figure  1  illustrates  the  steps  in  thinking 
which  has  led  to  the  present  UES  free-field 
stress  gage  design.  As  indicated  in  Fig.  1(a), 
an  extremely  thin  plate  (e.g.,  a  circular  plate 
whose  ratio  of  Uiickness  to  diameter  is  small) 
would  be  elective  in  free-field  measurement. 
Any  forces  impinging  on  the  top  surface  of  the 
plate  would  be  exactly  balanced  by  equal  and 
opposite  reaction  forces  on  the  bottom  sur¬ 
face.  Measurement  of  the  forcn  mrer  some 
accuraicty  known  area  wtxild  then  be  a  meas¬ 
ure  of  stress.  The  mala  prcblem  with  a  gage 
of  this  nature  is  to  mount  a  transducer  inside 
the  plate  to  measure  the  force. 

Consider  next  the  effect  of  mounting  a 
stem,  stiff  relative  the  mouuius  of  elastlc- 
itv  of  the  soil,  on  the  underside  t*  T-  thin 
plate  suitable  for  housing  a  tran8rh<r'<r  nr 
sensing  element  (Fig.  10').^  If  the  ^  '  w  and 
its  surrounding  eo!I  '.vere  teen  sub^c  .U  to  a 
high  pressure,  the  ml.tmatcli  in  J-ie  of 
defoimatlc.;  will  cause  ".i\  soil  to  arou  onto 
the  gage.  This  will  result  in  the  gage  indicat¬ 
ing  a  stress  greater  than  that  existing  in  the 
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FREE  JOjNT 


FIRST  STEM 


ARROW  LENOTH  RCPftCjCNTS 
normal  stress  M/CNITtfl': 

(a)  -  Thin  fiat  plate  doei>  not 
.ii::turb  nuriiiai  boil  stress 


SECOND  STEM 


STRESS  COMPONENTS  NOT 
TRANSMITTED  THROUGH  STEM 

(c)  -  Flat  plate  with  "free"  stem  acts 
as  "flexible"  gage 


STIFF  STEM 


EXCESS  STRESS  DUE  TO 
ARCHMSG 

(b)  -  Flat  plate  with  stem  acts  as 
'stiff  gage 


-SOIL  TO  STEM 
FRICTIONAL 
FORCES 


PLATE  MiNIWIZES  0ISTUR8ENCE 
AROUND  BOTTOM  STEM 

(d)  -  Sou  to  stem  friction  tends 
to  offset  the  "flexible"  gage  effect 


Fig.  I  -  ni.gram  illustrating  use  of  soil  as  eii  active  gage  element 


fre«  field.  This  effect  can  be  minimized  by 
makitig  the  cross  sectional  area  of  the  stem 
small  compared  to  the  area  of  the  plate. 

Now,  suppose  the  stem  is  inserted  lato  a 
second  stem  such  that  a  free  sliding  fit  exists 
het’venn  the'n  (Fig.  1(c)).  The  area  of  the  tc^ 
Ho.-fsce  of  Uie  plate  In  contact  with  the  soil  is 
bow  greater  than  its  lower  surface.  If  pres¬ 
sure  were  non'  applied  to  this  gage  and  its 
surrcMi’tding  soil,  tluire  would  be  a  uet  unbal¬ 
ance  of  force  across  the  plate.  This  would 
cause  the  plate  to  move  down  until  the  soil 
pressure  acting  oa  its  lower  surface  creates 
a  force  equal  to  tliat  on  the  top  surface.  The- 
movement  of  the  plate  unloads  the  soil  alrave 
liic  gage  but  loads  the  soil  'oelow  the  plate.  A 
pressure  uuueducer  on  the  upper  surface 
would  t.herefore  Indicate  a  stress  lower  thar.. 
tliat  in  the  free  field.  This  may  ^  eased  but 
probably  not  cumpleiely  rompensated  by  fric¬ 
tion  between  the  stem  and  the  soil. 

The  bottom  stem,  being  free  to  ‘c  ive, 
cannot  accept  any  load.  The  soil  ba'ow  it 


would  always  be  In  an  unloaded  condition  with 
th;  Soil  arching  onto  the  lower  surface  of  the 
plate.  A  plate  may  then  be  added  to  the  lower 
stem  (Fig.  1(d))  to  reduce  this  disturbance  of 
the  stress  pattern  in  the  vicinity  of  the  gage. 
Also  the  bottom  plate  minimizes  the  effects  of 
transverse  waves  whicli  would  prtxluce  lui-ques 
on  the  top  plate,  using  the  stem  as  a  le  ver . 


DESIGN 

The  UES  free-fleld  stress  gage  or  "spool'* 
gage  as  It  has  been  nicknamed  (Fig.  2),  Is  es¬ 
sentially  the  gage  represented  In  Fig.  1(d).  It 
is  made  up  of  two  sections,  each  consisting  of 
a  Uiin  circular  disc  attjK'bpd  to  r  bntiow  stem. 
The  stem  of  one  fits  inside  the  utiier,  sliding 
freely  on  ground  and  lappi.  -  'fllndrlcal  sur¬ 
faces. 

Tlie  sensu  '  element,  coiniisting  of  a  var- 
iimle  capacitance  transducer,  Is  actuated  by  a 
small  piston,  whose  face  is  flush  with  the  sur¬ 
face  of  the  top  plate.  The  piSion  load  is 
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Fig.  3  -  UES  (pool  gage  a> 


transmitted  to  a  diaphragm,  formed  inside  the 
top  stem,  which  is  one  plate  of  the  capacitor 
transducer.  Full  scale  deflection  of  this  dia¬ 
phragm  is  0.0002  inch  at  1000  pel.  The  capoc- 
iu  .'  •.raneducer  is  pait  ot  a  bridge  circuit  built 
em:rely  within  the  gage. 

A  very  thin  surgical  rubber  membrane  '• 
cemented  onto  the  end  plate  to  keep  dirt  from 
the  lapped  joint  between  the  plate  and  piston. 
Similarly  a  short  piece  of  thm  wall  flexible 
rubber  tubing  is  cemented  to  either  concentric 
stem  forming  a  cover  for  the  Upped  cylindri¬ 
cal  joints.  Figure  .3  shows  the  stress  gage 
ai>scmbli.d  and  disassembled.  Figure  4  is  a 
block  diagram  of  the  ansociated  equ^ment 
required  to  complete  the  overall  system. 


UES  DYNAMIC  PRESSURE  TANK 

The  dynamic  pressure  tsnk  was  deveUi  '^l 
In  paraUel  wttn  the  apocl  stress  gage.  It  was 
conceived  as  a  simple,  relatively  inexpensive 
Isborstory  method  of  producing  dynamic  pres¬ 
sures  useded  for  the  free-fleld  atrese  gage 
development.  The  principal  design  features 
of  tlM  dynamic  pressure  tank  are  illustrated 
in  Fig.  5.  The  figure  also  serves  to  define 
various  parts  referred  to  tbroughnut  this 
papsr. 


templed  and  disassembled 

F'unctlooally  the  tank  is  composed  of 
three  basic  elements:  The  high  preenure  tank, 
water  chamber  and  soil  chamber.  Physically 
the  tank  consists  of  a  base  ana  ltd  which  to¬ 
gether  comprise  the  test  vessel,  and  the  high 
pressure  tsnk.  The  high  pressure  tank  is 
used  for  storing  compressed  air.  The  water 
chamber  is  used  to  contain  water  and  has  as 
its  physical  boundaries  the  lid  and  a  thin  neo¬ 
prene  diaphragm.  The  soli  chamber  is  used 
to  contain  soil  and  various  instrumentation. 

The  tank  is  operated  by  filling  the  high 
pressure  tank  with  compressed  air  to  some 
selected  pressure  and  activating  a  bumting 
mechanism  which  ruptures  the  burst  dia¬ 
phragm.  This  proces'i  rapidly  applies  a  hiji:l  i 
pressure  over  the  small  area  at  the  top  of  the 
water  chanter  which  is  transmitted  hydrauli- 
esUy  over  the  surface  of  the  soil.  The  pres¬ 
sure  wave,  originating  at  the  neck  of  the  teat 
vessel,  tbi’o  .incomes  an  Input  to  the  soil 
where  instrumentation  is  located  to  measure 
its  effect.  The  pressiura  waves  are  probably 
spherical  in  character  ei. .  rn  rettampt  was 
made  to  alter  tlie  wave  ■-  q>e  by  means  of 
baffling. 

j  The  ib  o  times  iuins  .•  reach  63  percent 
f  ifir.al  pressure)  of  the  pressure  waves  pro¬ 
duced  by  the  dynamic  pressure  tank,  of  the 
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Fig  4  -  tc  stress  nwAiurement  sysl* 


order  o(  >.S  to  50  mlUiseconds,  are  rather  slow 
compared  to  the  shock  tube  or  similar  devices. 
However  it  is  believed  Out  these  dynamic 
pressures  are  fast  enough  for  gage  develop- 
•  ,:il  puipr  srs.  Methods  for  improving  the 
.■ii.u  i.iiiL  charrxU-ristics  of  the  dynamic  pres¬ 
sure  tank  arc  being  considered  at  the  present 
time. 

Figure  6  shows  the  dynamic  presMru 
tank  set  ia  a  pit  as  a  safety  measure.  An  alu¬ 
minum  ror.i  c  j  TPS  the  cm.  'ALement  to  protect 
;;  :.-.Liii  tl-.*  w«  The  h  .  n  pressure  tank 

with  its  bourdon  pressire  gai.e  is  shown 
mounted  on  the  lid  of  tie  Ust  vessel. 

Figure  7  shows  the  dynwnic  preswre 
tank  with  its  lid  removed  and  the  neoprene 
diaphragi.i  folded  back  to  expose  t‘.>  lest  soil. 


CF.NEllAL  TEST  CONumONS 

ft  was  decided  to  use  20- .>0  Ottawa  sand 
lor  ue.  field  *age  dc'.cl---^t  ande^ualloo 
since  its  properties  ars  generally  “ 

waa  not  practical  to  remove  the  tank  iiU  and 
restore  the  sand  to  its  Initial  conditUi.is  after 
every  test.  From  three  to  four  tests  vers 
conducted  in  succession  oefore  the  lid  was 
remoT'ed  and  the  gages  rearranged  for  pnother 
series  of  teMs. 

A  CEC  pressure  gage  was  used  in  e-'ery 
test  as  a  reference  gage.  It  was  always 
mounted  flush  with  the  surface  of  the  sand  in 
ordr  r  to  monitor  the  static  and  dynamic  pres- 
mire  inputa  to  the  sand.  The  * 

to  be  tested  under  static  and  dynamic  cowJltiore 


PM.'.jM  V.T»tT 


I'ig.  5  -  Principal  feature  i 
of  UES  dynamic  preaaure 
tank 


at  the  surface  and  at  various  depths  in  the  soil 
at  pressures  up  to  innn  psi.  Its  performancs 
was  to  DC  comparsd  to  a  Carlson -Wiancko 
gags  where  possible. 

CAUBRATION 

■^he  CEC  pressure  gage,  the  spool  stress 
gage,  and  the  Carlaon-Wlancko  t  age  were  cal¬ 
ibrated  in  tho  pressure  tank  itseit.  u.J5tru- 
menta  to  be  calibrated  .•  cie  mou;  ■’  v“tth  their 
aenatng  areas  flush  with  thn  surra.  “  »»  iiw 
•and.  The  calibration  was  aceoui;-’;  jied  by 
omitting  tts  burst  dM'hragm,  pres.T.-  .lzing 
the  tank  1>.  discrete  titeps  and  recoruing  the 
mstrument  outputs,  using  the  prectalonAacrolt 
bourdon  tube  pressure  gage  mounted  on  the 


Tig.  8  -  UES  dynamic  preaaure  tank  with  the  neoprene  diaphragm 
*i>ld<'d  back  exposing  the  Carlsou-Wiancku,  the  UES  spool  gage, 
i!.-  TEC  pressure  gage,  and  tht  junction  box  on  the  surface  of 


preawre  tiuiJt  a  reference  gaae.  The  in¬ 
struments  v/ot' a’lhrotcil  wliii  inereahing  and 
dcsrviirtinn  .-.re*  sure  to  check  hysteresis. 

Figure  8  shows  tha  Carlson- Wlaucko  gage, 
sp'oul  stress  gage,  and  the  CEC  pressure  gage 
lying  on  the  surface  of  the  soil  in  the  tank. 
Short  flexible  leads  were  brought  (rum  the 
instruiiieiils  lu  the  juiiciiun  box  sixiwn  in  the 
(i^re.  I'hts  proved  to  be  the  most  practical 
miiaiis  of  H voiding  thu  laborious  task  of  remov¬ 
ing  all  the  sard  from  the  test  vessel  to  remove 
or  replace  an  instrument. 


STATIC  AND  DYNAMIC  EVALUATION 
TEST  RESULTS 

Evaluation  tests  were  conducted  in  v/hich 
both  slalie  and  dynamic  stresses  in  ii.e  sand 
were  measured  at  various  depths  by  the  ■'.pool 
gage  and  conipared  to  the  CEC  pressure  gage 
at  the  surface  as  explained  under  general  test 
mndltlons.  Fivnre*  9,  10.  11,  and  12  sum.iia- 
rizc  the  static  test  results.  Figure  13  Is  a 
sample  dynamic  test  record  which  illustrates 
what  Is  meant  by  first  pressure  iieak,  (Inal 
surface  pressure,  etc.  Figure  14  is  a  copy 


of  an  actual  record  tract.  Figures  IS  and  16 
summarize  the  dynamic  teat  resuUr . 

Many  of  the  curves  were  plotted  from  the 
data  collected  during  Just  one  test.  The  reli¬ 
ability  of  tlktae  curves  must  be  questioned, 
especially  when  one  conaldsrs  ths  wide  scatter 
shown  by  the  teat  data.  Ths  major  causss  of 
these  variations  were  probably  ampUlier  drift 
and  poor  soil  control. 

Under  static  loading  the  spool  gage  be¬ 
haves  u  JilUe  stUfl/.  When  buriec  4  inches  in 
the  soil,  the  gago  read  about  10  percent  hi|;h''r 
than  the  aurtacs  pressurs  up  to  1000  psl.  I'he 
points  aliown  (Fig.  0)  were  each  an  avera.p.‘  of 
4  aeparaU)  tests.  With  ths  gage  at  the  O-liich 
de.o(h,  it  was  about  10-percent  hard  ut>  to  500 
r.ai  \<'ig.  10),  the  result  of  only  ons  tent. 

The  test  results  with  the  gagi:  a-  1C 
Inch  depth  (Fig.  11)  show  s  very  wide  •.•ariation. 
The  data  Is  not  reliahia  alxi<‘;>  250  j  .  ufcauae 
of  an  amplUler  gain  drift  and  becau":  .eh  of 

the  data  (ell  beyond  the  rmgo  oi  *hv  < _ tibratton 

curves  and  '< id  to  be  exi  Maolatcd.  iw  250 
psl  the  gage  read  within  10  percent  of  the 
static  surfacs  pressure. 
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2  4  e  • 

OCC  GASC  PHtMURE  -  PSI  X  100 


Fig.  9  -  UES  ppucl  gage  strc«a 

(,il  'l-inrh  deplh)  V8  1..FC  gage 

pre^Mireai  suriace  under  atattc 
load'ng 


2  4  6  0 

CEC  CASE  P«)ES$URE  -  PSI  X  ICO 


Fig.  11  -UFS  spool  gage  stress 
'(al  IC-ii.ch  drpi^l  vs  CF.C  gage 
presbui  e  at  r.urtaoe  under  static 
loading 


Fig.  10  •  Cor.'.parison  o{  UFS  Ftg.  12  -  Comparison  of  C>W  and  UlCS 

s5X>ol  gage  stress  fat  6*inch  depth)  gagi  s  under  static  loading 

vsCCC  pressure  at  surface  under 
static  loading 


Figur*  12  !•  a  cumparison  botweer  a 
Carlsop  ■WianO'o  and  the  sixjul  gage  buried 
6  incite*  below  the  surface  and  subjected  to 
prcssiirea  up  to  ISO  psi.  The  curve  bhowed 
that,  for  this  particular  anil  type  and  depth, 
the  spool  gage  read  much  closer  to  the  sur¬ 
face  presRure  than  did  the  Carls'w-'.Vtanr.Ko 
gage  and,  in  fact,  was  wtthli;  10  pc  rent  lA  the 
uurficce  pressure  out  tn  nettei  than  100  psi. 

1  he  (.'arlson-Wlanckc  <t9ge  behaved  like  a 
stiff  gage.  The  spool  gage  was  soft. 

In  the  recordings  \Figs.  13  and  14)  the 
paper  moved  from  right  to  left  through  Uie 
oscillograph.  At  the  bottom  edj'.e  - !  the  rec¬ 
oni  appuare  a  reference  tracu  to  compensate 


f.T  any  shift  which  rnfftit  have  occurred  as 
li.c  paper  passed  through  the  oBCIlIograph.  A 
vertical  timing  line  was  placed  on  thn  records 
every  100  milltsecouds.  A  eharp  rise  may  be 
seen  'vhen  the  burst  ulaphi  agm  ruptures  sub- 
iecting  Hie  instruments  to  tlw  preasure  wave. 
Probably  reilections  off  the  sidis  or  bottom 
of  the  U''it  or  dynamic  colublllUes  of  the  gas 
tn  the  water  cause  the  'r  mpients  riding  or  the 
exponential  pressure  riso,  '•Vhnnevor  the 
sp'ioi  gage  war  buried,  .  sifool  gage  record 
laifgfd  behind  Uie  pre.^ri  I  ' -ge  record.  This 
information  was  used  *c,  c'mate  the  volocl- 
:'cs  of  the  p.  'sBure  waves  m  the  Mad  which 
\arled  between  400  and  IVOO  feet  per  second, 
f  inc(  the  velocities  are  a  kind  of  measure  of 
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Fig.  t3  -  Ocfiniiions  of  certain  term*  t-ii  a  sam¬ 
ple  dynamic  leiit  record 


aaiau  onMMC  ritr  tMcow 


Fig.  14  •  Sample  dynamic  teat  record 


Fig.  15  -  Compariaon  of  UES  spool 
gage  stress  (at  various  depths)  vs 
C£C  gage  pressure  at  surface  under 
dynamic  conditions 


etc  sMMunt-m 


Uw  soil  compaction,  it  points  out  me  need  for 
better  soil  control. 

Fitr.ire  15  is  a  summary  uif  dynamic 
teats,  at  various  depths,  for  which  only  the 
final  pressures  of  ttw  spool  gage  and  pres¬ 
sure  gage  have  been  plotted.  Each  point 
represents  a  separate  test.  The  spool  gage 
may  be  seen  to  caasisteatly  Indicate  higher 
presnares  than  Uio!  indicated  by  the  CEC 
pr'issure  gage  at  the  auiface  s.  tx.'  sroid. 
This  occurred  even  when  the  sp>-.r:i  gage 
wan  mounted  at  tM  surface  with  CEC 
pressure  gage.  There  wat‘  Miini'  ■  .wuce 
to  show  thst  the  CEC  pressur  '  read 
as  much  '  i  10  psrcoi.:  mwer  than  'iie  air 
P'essurs  in  the  lank.  Bowever,  this  correc¬ 
tion  factor  was  not  applied  to  these  lest 
results. 


Fig.  16  -  Compariaon  of  UES  gagr 
atra-a  (at  varioua  dapcha)  va  CEC. 
gag*  preaaure  undar  dynamic  loading 
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Below  250  psi,  the  gage  at  depths, 
read  25  percent  high.  Beyond  this  pressure, 
the  depth  at  which  the  gage  was  buried  had 
some  eiiecl.  The  ga^e  at  the  surface  had  the 
lowest  error.  At  tlie  two  inch  depth,  the  gage 
read  50  percent  higher  with  the  error  decreas¬ 
ing  with  the  depth  of  burial. 

We  believe  th's  error  was  caused  elt*  cr 
by  a  density  mismatch  between  the  soil  ain. 
the  spool  sage  or  by  the  lubricant  u-cd  be¬ 
tween  the  twi^  stems,  or  a  combination  of  both. 
The  gage  is  known  to  iuve  a  density  of  about 
twice  that  of  the  soil.  It  may  tiius  react  to  ttie 
pressure  waves  more  slowly  than  the  noil, 
canning  arching  to  occur.  The  viscous  damp¬ 
ing  between  the  spool  gage  stems  could  have 
the  same  effect. 

Figure  16  is  a  summary  of  dynamic  tests, 
at  varioua  depths,  for  which  the  first  prasMire 
peaks  of  tie  spool  gage  and  pressure  gage 
hove  been  plotted.  This  renreseuta  a  true 
dynamic  comparlsou  of  the  gage  because  tl . 
various  points  were  selected  from  a  truly 
dynamic  portiua  of  the  test  data. 

The  spool  gage  reans,  uii  the  average, 
about  12  percent  of  the  dynamic  surface  pres¬ 
sure,  Old  to  100  psi,  at  all  the  vartouc  depths. 


Alter  100  psi  the  spread  of  data  is  more  pio- 
nouncf.  i,  vaiying  by  about  20  to  30  percent  of 
the  sui  ace  pressure  gage. 


CONCLUSION 

On  the  basis  of  the  above  test  data,  ths 
’JES  spool  stress  g<>ge  can  measure,  with  an 
average  error  of  10  percent,  tlie  static  and 
dynamic  iree-field  caresses  over  the  range  of 
0  -200  psi  in  this  particular  soil  and  at  the  va¬ 
rious  depths  tested. 

The  data  above  200  psi  is  too  inconclusive 
to  ray,  with  certaintv,  what  the  average  error 
should  be.  When  uw  UES  spool  gage  and  a 
Carlson- Wiancko  gage  were  tested  together 
to  150  pel,  the  spool  gage  gave  the  better 
readings. 

The  high  dynamic  ruad!  '..~o  above  200  psi 
are  attributed  mai.ily  to  poor  soil  control, 
density  misnulrii  aM  viscous  friction  between 
tiie  stems  of  iiiA  gage. 

The  spool  gagn  is  being  modified  to  in¬ 
clude  an  acceiernmelci'  (Tig.  2)  aud  a  dis¬ 
placement  transducer.  Work  is  being  done  to 
vary  the  density  oi  the  gage  relative  to  the  soil 
to  investigate  this  effect. 


DISCUSSION 


Mr.  Flathau  (U.  S.  Army  Waterways  Exp. 
Station);  1  was  wondering  hw  you  were  pliui- 
nliig  to  use  this  gage  in  a  cohesive  soil;  what 
problems  that  might  be  involved  m  placing  the 
soil  around  ihe  gage  ? 

Mr.  Winston:  1  hat's  one  of  the  problems 
v,c  wan;  iTTInvfisils^ate.  Rigid  now  we've  been 


using  just  the  sand  in  our  test  lank.  Eat,  of 
ccsirse.  It's  designed  to  use  almost  any  soil. 
The  problem  there  'uuld  prob;:L'ly  be  trying 
to  place  the  gage,  ti  ylng  to  compact  the  soil 
around  It,  without  affecting  ihe  free-field 
stresses. 
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TEST  PLANNING  FOR  SHOCK  TESTS  OF 
A  HARDENED  WEAPON  SYSTEM 


Henry  M. 

Cciiv«*l-  fAstroniutics), 
San  Oicgo»  Calilorma 


To  enstvre  that  hardened  silo^type  aites  can  meet  the  requireme  of 
withstanding  au  enemy  attack,  the  firat  aite  buUt  is  to  be  teeted  under 
conditions  rinaely  aimttlatin^  the  environment  of  ahock  when  aubjecLed 
to  an  enemy  aton\ic  attack. 


INTPODUCTION 

Convair  (Aotronautica),  a  Di.^sion  of 
General  Dynamice  Corporation  is  the  ictegrat* 
log  contractor  (or  the  aettvatioo  of  a  large 
nuir.l-er  of  hardened  ello-type  sites. 

To  uisLrti  that  these  sites  can  meet  the 
requirements  of  withstanding  an  enemy  attack, 
the  first  atie  that  is  tfitlt  will  be  tested  under 
conditions  which  closely  simulate  the  envtroo- 
ment  of  eh»  '^  when  subjected  to  x.  uiiemy 
etomfe  a'taci.'. 

The  completeness  and  complexity  of  per¬ 
forming  the  tests  described  in  this  program 
require  detailed  test  plaoniitg.  This  planning 
is  accomplished  as  a  part  of  an  overall  test 
pr»t(i'am  which  ;s  a  part  of  (his  <'om.'»ny'6 
engineering  evaiuati<di  of  th<-  ooeratlonal  silo 
design.  This  part  of  the  test  program  is  only 
a  small  r'rt  of  the  overall  test  planning  car¬ 
ried  out  during  Ihu  aclivaiiou  of  Uw  Silo-type 
sites. 


launch.  Figure  I  showi;  the  site  in  a  "hard" 
c'HiuitiQn.  Figure  2  shows  the  site  configura- 
'.lon  as  missile  Uunci>  occurs. 

The  crib  structure  within  tnu  aiio  is  sus¬ 
pended  on  a  shock  absorbing  system  which 
protects  the  critical  ground  support  equipment 
and  the  missile  from  ground  shock  resulting 
from  an  etiemy  attack.  The  site  Is  designed 
to  withstand  an  enemy  attack  aul  react  as 
noon  as  possible  after  the  debris  has  settled. 
Figure  6  piuvides  detail  of  the  crib  and  sus¬ 
pension  system. 

A  launch  operations  building,  buried  near 
the  silo  structure,  protects  the  crew.  Launch 
operations  are  carried  out  from  this  location. 
Figure  5  provides  detail  of  the  launch  opera¬ 
tions  building. 

The  Atlas  missile  is  provided  with  an  in¬ 
ertial  guidance  eystem  which  does  not  require 
..ontrol  from  the  ground  once  the  laissile  is 
laurcl.jd. 


DEtjCfUFTION  or  WEAFCW  SYSTEM 
The  General  Layout 

A  typical  Atlas  a'.io-type  opwrtviional  site 
is  shown  in  Figs.  1,  2,  3,  4,  5  and  0. 

The  site  le  a  aelf-contiiined  unit  manned 
by  apt  .'OXi(r.ately  five  peraoniwl.  The  mleeiie 
Is  stored  within  a  concrete  silo  and  shock- 
raoiuited  crib  in  a  condition  which  will  permit 
a  very  short,  remote  operated  countdowri  to 


Operattonal  Philosophy 

The  bile  is  destgr.'vj  to  operate  with  a 
inii'imum  crew  and  le  aervlced  at  regular  In¬ 
tervals  *o  check  cri.ical  equipment  and  replace 
)  e.ns  as  neceeaary.  Tliis  worx  is  ^  nnrmcd 
by  a  mobile  checkout  team  wUi?i'  .  vlcro 
several  sitae.  The  checkout  cqui^'t.'  >int  ie 
largely  auluiiiatic  lo  reduce  chc'..''  -  time  t . 
a  minimum.  The  site  ie  self  Sx^ifidt  -(t,  pro¬ 
viding  it.  own  power  •.id  la  able  to  operate 
(or  weeks  without  outside  support.  The  missile 
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Test  Objectives 


Fig.  r  -  Detail  view  of  launch 
control  center 


Fig.  «.  -  Her  ',il  view  ot  silo  and 
ci  '.o  stiucture  showing  crib  sus¬ 
pension  system 


is  stored  in  a  condition  which  permits  very 
rapid  reaction  with  a  minimum  requirement 
for  additional  preparation  prior  to  launch. 
This  fast  reaction  can  permit  missile  launch 
prior  l-j  at  liveu  of  enemy  weapons. 

The  Kite  is  also  designed  to  withstand  an 
enemy  attack  and  react  af^er  'he  debris  has 
belL**ni  Tiio  cuiiierit  etlo  Structure  and  cap 
protects  the  site  from  blast  overpressures. 

A  suspension  system  iiolates  tno  crib  struc¬ 
ture  within  the  silo  from  ground  shock  effects. 


TEST  PROGRAM 

The  test  program  will  be  carried  out  at 
Vandenherg,  Air  Force  Base.  A  complete  Atlas 
silo-type  weapon  syctc.'r.  is  provided  and  there 
are  additional  facilities  for  evaluating  tlie 
tests. 


The  comp  -e  test  program  includes  the 
following  general  objectives. 

(1)  Evaluation  of  Uie  ability  of  the  weapon 
system  to  launch  a  missi'.c  after  long  periods 
of  maimenance  in  a  standby  condition. 

f2i  Evaluation  of  Uie  ability  of  the  weapon 
systei.i  to  launch  a  missile  in  minimum  time 
(before  arrival  ut  enemy  weapons). 

(3)  Evaluallon  of  the  ability  of  the  weapon 
system  to  launch  a  missile  after  surviving  an 
enemj  atomic  attack. 

This  report  describes  only  the  test  pro¬ 
gram  for  accomplishing  abjective  (1)  above. 


I'eui  PhUuHupliy  Uiid  uiiuiuiiiiius 

It  is  icipractical  to  attempt  to  create  an 
.iCtual  ground  shock  >hc  concrete  silo  and 
launch  control  center  stnie'''rea.  However, 
the  equipment  in  each  suucture  is  shock 
mounted.  The  test  program  is  accomplished 
by  disturbing  the  shock  mounted  structures  to 
simulate  ground  shock  transmitted  through  the 
suspension  system. 

This  method  of  test  makes  certain  initial 
assumptions  about  the  shock  isolation  system 
performance,  but  these  assumptions  are 
checked  in  performing  the  test. 

The  silo  includes  a  crib  structure  which 
is  isolated  from  the  rement  silo  structure  by 
4  spring  suspensum  systems  (Fig.  6). 

The  crib,  which  includes  most  ot  the 
v/eapon  system  equipment,  carries  (1)  the 
iniSBlle  (2)  cryugtaiic  hiel  storage  (■'<)  power 
supplies  (4)  missile  elevator  (5)  missile  sup¬ 
port  ec  ilpmeut  and  (6)  gas  and  liquid  supplies. 

The  Wge  uuuw  uf  iiie  urib  atai  iUt  equip¬ 
ment  results  m  a  siispemled  system  with  a  low 
natural  frequency  and  a  large  attenuation  of 
ii*?h  frequency  compennts  of  ground  shock. 

To  shock  test  th.  crib  structure  the  com- 
pl  Ic  crib  is  hydraulically  Jackee  tv>.  ■.  deilected 
position  which  could  occur  at  the  V  '^iant  of 
arrival  of  n  ground  shock  ai.  the  Si.c  ‘tmeture. 
The  crib-  is  then  released  by  ex;'';  .  oolts, 

to  be  i  cturiicd  to  its  aormal  sta-l-"  iii>'  *tior.  by 
action  of  t  -e  crib  snapuision  system.  Figure 
7  shows  dfiuils  of  Aocfc  creating  equipment. 


F>g,  7  •  U«tAii  of  Ailo-crib  shock 
«u*i*«i4aluu  aysieiik,  «howin'^  Qeiaik 
of  equipment  uKed  to  6W'*ui^tc 
ground  shock  on  crib  structure, 
in  white 


The  launc'ii  control  cetiier  (Fig.  5)  incluiles 
a  ouepenaion  system  which  isolates  the  two 
doors.  Most  of  the  equipment  within  the  cen¬ 
ter  is  mountfcil  on  the  ftnnrs.  The  relatiwly 
small  mass  of  the  equipment  in  the  launah 
control  center,  and  the  effect  of  many  persoo- 
rtcl  moving  about,  and  in  and  out,  requires  the 
use  of  a  air  cylinder  type  suspension  system, 
whicii  retains  low  frequency  response,  and 
provides  autnir.atic  adjustment  for  char,ges  in 
load  due  to  personnel  movement.  This  system 
is  ir.i'.tivateH  and  the  floors  are  deflected  be¬ 
fore  a  test  (Fig.  8).  Tbe  reactivation  of  the 
air  <*  '!i,kder  and  siroultanec<is  explosive  re- 
fe.'isc  U;<.  fiocii  from  its  deflected  position 
resuiti  in  a  test  of  the  launch  control  equip¬ 
ment  under  simulated  ground  shock.  Initial 
deflection  of  the  floor  in  adjusted  to  deflection 
values  which  correspond  to  ground  shock  ef¬ 
fects  to  be  tested. 


r'ig.  8  -  Detail  ut  launch  control  center, 
showing  detail  ot  door  eiiooh  isolation 
system  and  method  ot  simulating  effect 
ni  around  shock 


Tlte  dynamic  tests  of  the  suspension  sys¬ 
tem  result  in  obtaining  checks  of  sus- 
pensio  dai.ipicr;  rates,  natural  frequencies, 
ability  lO  return  to  the  same  slatii:  position, 
and  relationship  of  center  of  gravity  to  center 
of  suspension.  The  tests  also  check  out  rattle 
space  provisions,  structural  stability,  and 
plumbing  security  within  the  suspended  struc¬ 
tures.  Of  major  importance  is  the  demonstra- 
'lon  that  the  weapon  system  can  still  effectively 
operate  after  being  subjected  to  these  deflec¬ 
tions. 


Instrumentation  Equipment 

The  site  inch  aus  an  instrumentation 
building  which  is  located  nearby  and  is  suit¬ 
ably  built  to  protect  operating  personnel  in 
case  of  a  missile  failure.  The  building  is  pro¬ 
vided  with  monitoring  Instnimenio  for  lecord- 
ing  and  displaying  the  perfoi-;  mce  of  *hi 
instrumented  eq".ipn,ent  in  the  site.  All  m- 
^strumei  tatiun  is  u  Jde-.!  to  the  bile  so  Uiat  it  is 
an  addition,  rather  than  a  change  to  the  site. 

Ti)  this  way  the  Vasic  site  remains  as  close  as 
possible  to  an  or-cr».ion3J  confipiration. 

The  instrumentation  includes  missile  flight 
Instnimentation,  a  landline  instrumentation 
system,  movie  cameras  with  remote  controls, 
a^  remote  controlled  TV  cameras  with  suit- 
ab:.c  mcr.itors  located  In  the  instrumentation 
building.  Special  controls  for  activating  the 
shock  producing  equipment  are  also  included 
in  the  instrumentation  building. 


Typical  Shock  Tests 

Several  shock  tests  will  be  performed.  A 
typical  test  is  described  below. 

The  site  will  be  put  into  a  condition  of  first 
state  readiness  (ready  to  start  a  countdown  at 
a  moments  notice)  except  that  missile  engine 
4PUtion  will  be  prevented  by  suitable  dummy 
liters.  The  operat’onal  crew  will  be  in¬ 
fracted  to  perform  as  in  an  operational  site. 
The  floor  to  the  Launch  Control  Center  will 
be  raised  to  the  deflected  position. 

Tbe  instrumentation  building  for  the  site 
w^ll  be  atalfec,  with  Convait -Astronautics  and 
associate  contrai  lor  lebl  peroonnol  who  will 
Initiate,  terminate  and  me;-  -  .-the  test.  The 
test  conductor  in  the  instrui,-  itation  building 
wiu  start  the  test  alter  ail  !  <  -  irumenuiiiun  is 
operating.  Thp  rest  will  ue  ..I -..led  by  .sending 
a  k  itablc  signal  into  the  site  atomic  blast 
sensors.  Tnis  signal  will  initiate  automatic 
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closuri^  of  all  of  the  'ite  opeiiir;'6,  and  will  put 
the  guidance  system  into  inertial  mode.  A  few 
seconds  alloA'  the  siuiiilatcd  blast  'c. 

senstHl,  hydraulic  power  will  start  moving  the 
Silo  crib  structure  to  a  predetermined  position 
above  the  normal  static  position.  A  few  sec¬ 
onds  after  reaching  the  deflected  position  the 
silo  and  the  launch  operations  building  floor 
will  be  released  by  the  detonation  of  explosive 
bolts  to  retuiii  to  their  original  positions. 

The  release  of  the  suSixiiiaiun  systems, 
will  permit  th^mi  to  operate  as  they  would  if 
subjected  to  ground  shock  crea  ed  by  an  atomic 
blast.  The  launch  crew  will  TSr^.  as  in  an  op¬ 
erational  situ  lion,  to  carry  out  the  launch 
prnrpfiiire  as  iciluired  after  enemy  attack. 

The  crew  will  carry  out  the  complete  count¬ 
down  which  will  result  in  an  aborted  launch  at 
the  final  ixiint,  due  to  the  dummy  missile  en¬ 
gine  igmtors.  The  crew  will  then  return  the 
site  to  the  ready  condition  in  preparaticu  for 
correction  of  the  fault.  The  test  will  then  be 
halted.  Throughout  Mie  lest,  the  operational 
crew  - .  '<1  react  as  in  an  operation^  site  and, 
(or  added  realism,  will  be  isolated  from  the 
test  crew. 

Toe  instrumentatiuu  systems  will  provide 
itifurniation  to  the  test  personnel  for  crew 


safety,  and  will  provide  data  for  accom'dishing 
test  ohjectives.  Initial  teats  will  be  simplified 
nw/i  nf  ^.tsocK  TviU 

"debug"  system  and  procedures,  and  d.-tt.er- 
mine  critical  areas  where  full  value  shock 
tests  will  need  careful  instiumentaliun.  Laler 
tests  will  be  at  operational  shock  values,  and 
will  inc.'ude  all  details  necsssary  to  make  the 
crews  feel  that  they  are  in  a  tactical  Situation. 


TEST  <'LANNING 

Planning  will  be  suitably  documeiited 
many  months  before  the  start  of  these  tests. 

It  will  include  det'iiied  documentation  uf  all 
instnu>.entatiiia  requiremv^s,  details  of  each 
individual  test  and  detailed  descriptions  of  test 
objectives.  The  test  planning  documents  will 
include  the  inleKi'ated  test  requirements  and 
objectives  from  associate  contractors  in  cHdj. 
lion  to  Convair-Astronaulics  and  Air  ^-u'ce 
requirements.  This  tert  p'arjiing  aids  in  mak¬ 
ing  sure  that  all  equipmeoi  is  ‘available  when 
mx-essary,  ^md  that  each  test  provider  maxi- 
r  um  iiuormaliim.  Cix-’-iiiiiation  with  the  Air 
Force  will  Insure  that  the  te.'.ls  are  as  realis¬ 
tic  as  possible.  Final  tests  will  uicnue  Air 
Force  crew  members  as  the  operational  crew. 


DISCUSSION 


Mr  Hans.'o.  (Marctn  Co.,  Denver):  I  have 
a  qucsiTori'thit  I' believe' should  be  asked  be¬ 
fore  every  major  systems  test.  With  a  system 
that's  rnadily  susceptible  to  analysis,  why  are 
you  performing  this  test  i 

Sali^mj;  I  think  the  best  answer  to 
thal  is  to  refer  back  to  our  second  speaker  at 
this  Symposium,  Herman  Kahn.  We  have  a 
rc.il  weaiws  system  here.  You  caii'i  very 
»eU  perfc'i'm  an  analysis  on  how  crew  mem¬ 
bers  are  going  to  perform,  how  well  our  pro- 
ce^u  MS  really  work  out,  hviw  a  complicated 


systeri  such  as  this  will  really  work.  We  have 
to  know,  tor  SAC  commanders  and  people  that 
are  doing  planning,  either  diplomatically  or 
otherwise,  just  what  they  really  have  left  over 
after  we  have  been  hit.  By  running  tests  of 
this  sort,  considering  that  we  have  a  real, 
typical  site,  our  own  Important  people  who  are 
making  decisions  can  get  some  kind  of  on  eval¬ 
uation  of  how  many  of  these  sites  they’re  going 
to  have  left  at  any  given  time  using  a  kuowl- 
etige  of  what  they  expect  to  be  hit  by  at  any 
time. 
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GROUND  SHOCK  LOADS  IMPOSED 


ON  THE  SILO  STORED  ICBM 


Arl')'n  F.  'rVinemiUer 
The  Martin  Coni|>any,  Denver 


The  paper  illustrates  the  meUaotl  u^eti  in  determining  ;’'~:uiiii'  Inarin 
imposed  on  the  silo  stored  ICBM  due  to  nuclear  blast  induced  ground 
shock  and  presents  some  **5  the  more  interesting  results.  The  soltirion 
‘  of  the  ground  shock  loads  problem  was  sought  via  the  passive  analog 
I  computer. 


INTRODUCTION 

Genprsi 

The  ICBM  Weapon  Systems  of  the  United  States  are  built  with  two  major  points  in  mind. 

Fij'st,  they  are  a  deterrent  and  second,  they  must  be  capable  of  relaiiation  in  the  event  of  enemy 
attack.  In  order  to  be  capable  of  retaliation,  it  is  imperative  that  tbe  weapon  system  be  sble  to 
survive  under  enemy  attack.  Today,  this  means  survival  under  nuclear  biast.  Kucicai'  blast 
implies  severe  ground  shock,  high  radiation  levels,  strong  surface  winds,  and  high  overpressure 
levels  —  to  name  a  few.  Survival  under  these  condtUons  means  designing  and  building  a  weapons 
by::t«  lu  which  after  this  form  of  hell  is  still  capable  of  fighting  back.  Both  men  and  machine  must 
oe  lu  ’-^.’-utely  protected. 

The  .'irst  (juestions  asked  are,  "How  do  we  design  a  weapon  system  capable  of  high  percentage 
survival?  What  should  our  weapon  system  distribution  look  like?  What  ’hardness’  should  each 
complex  have?"  These  questions  go  on  and  on  and  require  an  extreme  amount  of  system  analysis 
before  they  are  answered. 

One  question  which  must  be  arswered  is,  "iiow,  in  terms  the  engineer  can  use,  do  yuv  define 
a  nuclear  blast  so  that  the  system  can  be  intelligently  designed?"  Thin  question  atone  has  been 
the  !>ubjeci  of  a  considerable  amount  of  work  carried  on  in  recent  years. 

The  above  statements  "re  m'ule  uniy  lu  intt/tesD  vyoi'i  th.~t  Header  the  fnet  that  the  dynamic 
loads  imposed  on  the  sllo-stored  ICBM  are  only  one  small  larct  ot  a  very  complex  problem. 

It  Is  the  intent  bereui  to  illustrate  the  methwi  used  by  the  Systems  Dynamics  Unit  at  Martin- 
Denver  to  determine  the  dynamic  loads  imposed  upon  a  sllo-stored  ICBM  due  to  nuclear  blast 
Induced  ground  shock,  and  to  present  some  of  the  more  interesting  results. 


Method  of  Solution 

The  solution  of  the  ground  shock  loads  problem  was  sought  via  the  pasc..  .  analog  computer. 
The  major  reason  for  using  this  type  <>f  computer  lies  In  the  fact  thin  syste*"  -  vitions  can  be 
made,  with  a  minimum  of  delay  time,  simply  by  rharglr^:  the  value  c?  a  p-'n;  •  ■  r  lamped  electri¬ 
cal  element  in  the  analog  ulicuit.  This  makes  the  pMstve  analog-  ■  omputer  exlt  emely  well  suited 
for  studying  dynamic  systems  wherein  it  Is  deslreil  lo  follow  system  reaction  with  a  minimum  of 


effort  and  determine  resulting  effects  In  a  matter  of  seconds.  Secondly,  the  passive  analog  elimi¬ 
nates  the  requirement  of  wrltln(;  the  equations  of  motion  of  the  dynamic  system  and  computing  the 
multitude  of  rneffirients  involv^  in  ihi^.  wf  ot  equations  since  the  'main*. ci reiiils  can  lie  drawn 
directly  from  the  idealized  lumped  spring-mass  models.  This  cut  Jown  the  time  that  must  be 
spent  in  preparing  the  problem  for  the  computer.  The  obvious  disadvantage,  which  must  be  men¬ 
tioned,  is  that  the  final  accuracy  of  the  solution  is  not  as  high  as  is  obtainable  by  digital  tech¬ 
niques;  however,  it  is  well  within  engineering  requirements.  The  author  is  aware  that  several 
arguments  can  be  presented  both  for  and  against  the  passive  analog  and  it  is  rot  the  intent  in  this 
paper  in  stimulate  such  a  discussion. 


OYNAIiflC  MODELS 
General 

In  simulating  the  dynamics  of  the  overall  system,  longitudlual  and  lateral  motions  were 
assumed  uncoupled  and  distinct  models  were  derived  for  e  xh.  Beam-cohimninc  effects  due  to 
gravity  Induced  moments  were  simulated  on  the  analog  computer. 

The  effect  of  vertical  acceleration  due  to  ground  shock  on  lateral  h*«wHng  was  accounted  for 
independently  and  the  resulting  I'-'ndlnff  moments  added  t-.>  thuse  obtained  from  the  passive  analog. 
To  accomplish  this  the  maximum  longitudinal  accek>ration  due  to  vertical  ground  ahock  deter¬ 
mined  from  the  uncoupled  longitudinal  study  and  the  maximum  relallve  basi:-trp  deflection  deter- 
ruined  from  thu  unc'mpled  lateral  study.  Ttur  combination  of  lateral  posilion  and  vertical  acceler- 
aticr. aa  utilised  to  obtain  the  additional  bending  moments  due  to  vertical  acceleration. 

This  method  of  accounting  tor  the  additional  bending  momenls  due  to  vertica'  acceleration  is 
appro'ti  late;  however,  the  following  poiiiia  uiust  be  kept  in  mind.  The  maximum  vei'ii>:.ii  accelera¬ 
tion  from  the  longitudinal  model  was  used.  The  maximum  relative  base- tip  deflection  was  used 
t'ld  fhe  (Til.aeile  aiMumed  rotated  into  a  atraight  line.  The  major  omlsaimui  in  inis  procedure  are 
(a)  secondary  lateral  deflections  occurring  due  to  the  vertical  acceleration  and  (b)  the  nonlineari- 
tics  involving  frequency  reductio-  . 


laingitudlniil  Model 

Thu  basic  geometry  of  a  large  liquid  propellant  miasile  makes  tbs  system  quite  convenient 
for  lumping  into  a  longitudinal  dynamic  model.  Figure  1(a)  sliows  a  typical  upper  stage  of  this  type 
of  missile,  consistln({  of  the  re-entry  vehicle,  forward  skirt,  propellant  tank,  between  tanks  section, 


Fig.  1  -  Derivation  of  iuugitudinal  dynamic  loade  model 


a  second  propellant  tank  with  the  engine  affixed  to  the  tower  dome  and  a  tail  skirt.  Figure  1(b) 
shows  the  same  imrtinn  "tssile  broken  at  natural  'geometrical  spUces.  figure  1(c)  chcc.-'; 

the  lumped  spring  mass  model  which  results  from  break  .>g  the  missile  at  thees  locations,  deter¬ 
mining  the  center-of-grevity  of  each  segment,  and  deriving  lumped  longitudinal  springs  from 
accompanying  At  data. 

'  f 

In  the  longitudinal  model,  the  propellant  masses  were  added  to  the  mass  of  the  lower  domes 
and  dome  supported  equipment,  and  the  resulting  masses  aispcruied  fri>ivi  the  main  structuie  Ad 
branches.  The  su^enslon  springs  were  based  entirely  on  the  flexibility  of  the  lower  dome  s.  The 
effect  of  added  f’xibility  due  ti  dila'.'or  r  nexlblllty,  of  the  barrel  section  of  the  tanks 
was  omitted.  In  tanks  with  barrel  section  iengt'<s  which  are  small  compared  to  the  tank  diameter 
this  ailatiou  effect  is  quite  small,  in  tanks  where  the  barrel  length  is  of  the  same  order  of  mag¬ 
nitude  or  larger  than  ‘he  tank  diameter  the  effect  becomes  appreciable  and  the  coupling  of  the 
propellant  mass  Into  th>.  remairnor  nf  >he  system  is  not  correetly  Hefi  iwd  without  accounting  for 
it.  Studies  concerning  the  ovei  all  effect  of  tark  dilati  h  on  the  dynamic  loads  for  the  large  liquid 
propellant  missile  ma:-  or  may  not  show  that  om.ttlng  the  radial  flerfbiUty  is  important,  depending 
on  barrel  length  —  radius  relations  and  basic  structural  design. 

The  iti':h''Lne  described  above  was  followed  for  the  development  of  the  complete  tongltucilnal 
dynamic  model.  In  areas  where  long  tank  barrels  existed,  they  were  split  and  reii'veed  by  more 
than  one  mass  In  an  attempt  to  keep  the  model  as  uniform  as  possible. 


Lateral  Model 

Purlvation  of  the  lateral  lumped  spring-mass  model  was  not  as  e^-  sy  and  straight  forward  as 
was  the  longitudinal  model.  Basically  the  lateral  dynamics  problem  is  that  of  solving  a  nonunilorm 
beam  problem.  Lateral  dynamics  for  the  large  liquid  propellant  missile  is  complicated  by  the 
of  the  liquid  propellants,  eommoniy  referred  to  as  propellant  slosh.  The  influence  of 
propellant  slosh  on  the  behavior  of  the  system  was  taken  into  account  by  the  addition  of  elastically 
attached  .slush  masses  to  the  main  body  of  the  lateral  mcdeL  This  was  acconqiUshed  by  computing 
the  magnitude,  center-of-gravlty  location,  and  uncoupled  natural  frequencies  of  the  sloshing  pro¬ 
pellant  for  each  tank.  Once  theae  were  known,  the  Oi^propriaU  amount  of  propellant  was  removed 
for  s  'ch  total  propellant  mess  diatribuUoD.  A  linear  spring  was  determined  for  each  slosh  mass 
'jas’u  '''<  ihe  magnitude  of  the  mase  and  Us  uncoupled  natural  frequency.  These  springs  were  then 
used  to  couple  the  slosh  masses  to  the  lateral  model. 

The  remaining  propellant  weight  was  :ip(>}rtioned  along  with  the  strurtural  weight  to  form  the 
lumped  masses  for  the  lateral  model.  Adthtional  branches  were  added  to  the  lateral  model  to 
account  fur  the  engines  teiug  cantilevered  from  the  main  structure. 

Oft!  'he  pr'jpellant,  stnicluro,  and  remaining  equipment  had  been  lumped  the  appropriate 
benling  and  shear  5prir.gs  com;  cting  the  mass  lumps  were  determined.  The  proce^re  followed 
t..  develop  these  lumped  .''’-rlne..  is  beet  illustrated  by  an  example.  Consider  a  cantilever  beam  of 
length  I  as  shown  below.  T  r'mpUly  the  problem  but  yet  Illustrate  the  procedure  let  the  beam  bo 
of  uniform  bending  atlffuttrs  m  ■  'd  uniform  shear  stilfuesR  AO. 


For  thia  uniforn  beam  the  lateral  deflection  of  the  beam  at  the  tip  U  {<ven  by 
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and  the  elope  at  the  tip  Is  iciven  by 
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Next  consider  a  lumped  spring  system  as  shown  below. 


For  this  lumped  spring  system  the  lateral  defleclion  and  slope  at  the  tip  are  given  by 

y  =  P.  ♦  Mli  ♦ 


or  in  the  matrix  form  as 
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EquaUiat  the  elements  of  the  stpiare  matrices  c!  Eqs.  (3)  and  (6)  yields  the  follow  -.v  expres¬ 
sions  lor  V,  K|,,  andXy. 
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Onii?8ion  of  the  shear  (lexlblUty  merely  deletes  the  last  term  in  the  brackets  of  Eq.  (9). 


Tie  above  lumped  spring  system  m:iy  be  si'nulated  direc'uy  or.  the  passive  analog  by  lumped 
electr'.c?J  elements. 


For  nonuniiorm  bending  jind  su>.a>  ’.ill  as  ex.'.st  with  missile  structure,  the  expresuiuns 
fcr  t.  ,  Kg,  and  Ky  are  given  by 
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where  the  integration  is  carried  out  ova*  the  interval  for  whi..»  the  lumped  stillness  is  desired. 
A  general  idea  of  the  derivation  of  the  lateral  model  is  given  by  Fig  2. 
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Fig,  2  •  Derivation  >1  l.onnpe<i  lateral  model 


FORCING  FUNCTIONS  _ 

The  g.'ound  shock  design  criteria  is  t.s>.ally  given  in  the  form  of  a  vpiwuum,  l.e.,  as 
the  peak  displacement  and  velocity  response  of  a  linear  oacUlatiM-  to  th«  ?'  v.cted  ground  shock  as 
a  function  of  oscillator  fretpiency.  A  method  uUlialng  the  shock  ^«eclrutn  c..-  ortly  has  been  pro- 
Dosed  by  Furig  and  Barton*  wherein  a  medal  approach  is  used.  In  this  vi:;:'' ...  the  pr-h  response 
of  each  mode  of  a  multi-dcgree-of-freedom  system  Is  adusd  algebraic uUy  w  4>tain  an  upper 
bouiul  lor  the  dynainic  response. 


Some  Shock  Spectra  Characteristic*  and  Uses"  by  M.  V,  Barlou  and  Y.  C.  Funs,  ASMS  Paper 
No.  58-APM-5. 
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A  nomewhat  more  versatile  meUicr  uf  specifying  the  ground  shock  forcing  functior  'vas  used 
in  the  series  uf  studies  herein  desciibeu.  Since  the  analyses  were  *3  te  accompUslied  on  the  pas¬ 
sive  analog  computer  ii  was  ret]ulred  that  a  forcing  function  be  derived  which  was  somehow  defin¬ 
able  as  a  function  of  time.  The  forcing  function  used  was  specified  as  an  exponentially  decaying 
velocity  pulse,  l.e.,  tne  ground  was  assumed  to  have  a  velocity  of  the  form 

V  - 

^Oround 

and  thus  a  displarement  time  history  given  by 

D  =  * 

This  motion  of  the  ground  is  not  what  physically  happens  during  ground  shock;  however,  the 
shock  spectrun  derived  from  such  an  input  can  be  made  essentially  identical  to  the  specified 
shock  ^octrum  design  criteria  by  judicious  selection  of  the  constants  A  and  a.  It  must  be  em- 
phasiaed  that  these  functions  do  nut  describe  the  actual  ground  motion  and  were  u.sed  only  as  an 
artifice  to  adequately  define  ground  shock. 


SOMh  INTERESTING  RE.SULTS 

"^'■e  series  of  studies  conducted  yielded  several  interesting  results.  The  atuuy  was  started 
utilizing  a  suspensian  stiffness  equal  to  that  set  for  'l.t:  launch  condition.  This  resulted  in  longi¬ 
tudinal  load  factors  in  the  order  of  10  to  15  as  well  >s  bending  moments  far  in  excess  of  structural 
allowabl'-is.  This,  of  c  oarse,  set  the  ground  shock  loade  study  into  a  fu.l  poiuiu^ei.-r  study. 

By  the  time  the  parameter  study  wan  completed  and  the  suspension  system  requirements  were 
'  Stuhtisned,  the  design  criteria  was  re/is^  and  became  more  demanding  of  the  suspension  system 
thun  originally  anticipated.  This  resulted  in  considerable  extrapolation  of  the  data  obtained  to 
define  new  suspension  system  characteristics  and  eventually  resulted  In  a  ssrond  shock  loads 
study  to  verify  the  vas  tous  extrapolations. 

The  results  presented  herein  are  a  part  of  the  tlndlrigs  from  two  studies.  No  intent  is  made 
to  define  a-i  numbers,  only  geiieratiUes  of  some  of  tli««  data  obtained. 

The  answer  to  the  basic  question  of  how  to  reduce  ground  shock  dynamic  loads  may  be 
answered  by  two  statements;  (1)  reduce  the  vertical  suspenelon  stillness,  (2)  reduce  the  lateral 
suspension  stiffness.  A  third  answer  Is,  of  course,  stay  away  from  nuclear  blasts.  It  was  deter¬ 
mined  that  essemial’.y  no  reduction  in  loads  was  obtained  by  locating  a  lateral  restraint  between 
the  upper  stage  and  tlic  silo  wall.  In  fact,  certain  locations  uf  such  a  spring  actually  magnitied  the 
recultlng  loads.  Variation  ol  the  effccUve  pitch  and  yaw  rotational  restraint  at  the  missile  base 
'vas  found  to  have  very  little  effect  on  ilie  ■  esulling  load'i.  Consideration  of  the  static  stability  of 
the  miHsilr  on  the  f:':°7ienNion  system  fixed  a  lower  limit  for  this  spring  constant.  Probably  the 
m'ist  im|>..;  tant  pan  played  by  the  rotational  restraint  was  that  the  actual  silo  diameter  was  In 
part  dicia;ed  such  that  a  satisfactory  ma'gtn  of  static  stability  would  be  maintained.  This  restraint 
wa.';  olAained  by  a  combinati'jr.  of  the  verttr!!!  suspension  stifiness  and  the  spacing  of  the  vertical 
springs  In  a  bif'.lar  pendulum  cunftguraUon. 

Figures  3  I'nd  4  show  the  viriatlou  of  longitudinal  load  factors  as  funcUona  of  lue  vertical 
suepenalon  ntffiiesa.  The  daia  shown  are  Uie  result  of  a  typical  ground  shock  input.  The  carves 
only  Indicate  the  general  trend  which  might  be  antic'.pa;.  d.  A  rule  of  thumb  resiiltlng  from  the 
studies  might  he  slated  as  follows;  To  keep  longitudinal  i  .ad  factors  In  the  order  of  one,  the  ver 
tlcal  suspenelon  stillness  must  o«  -'ich  that  the  static  deflect.un  of  the  misaile  is  apcrcvimateiy 
equal  to  the  peak  anticipated  ground  displacement. 

Figure  5  Illustrates  the  variation  ol  sending  moment  as  a  function  of  lateral  sutpi stiff¬ 
ness  with  tiie  rotational  (pitch  arv*  yaw)  suspensio'.i  stiffness  held  constant.  Tbi'  data  .'n  are 
the  result  of  a  typical  ground  shock  input.  The  major  informal  on  depicted  *'v  Fig.  5  ia  an  indica¬ 
tion  of  the  rates  at  which  the  bending  moments  may  be  reduceo  by  variation  in  the  lateral  restraint. 

Figures  6  and  7  indicate  the  effeet  on  later  at  loads  of  placing  a  second  restraint  towards  the 
liD  of  the  airframe.  Successful  load  reduction  v>;  s  s.semingly  not  attainable  by  this  prreedure. 
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SUSM'tSMN  un/lH 


Fig.  3  •  l^ngituHinal  dynimiv  io  a  factcr  v*  Ft;;  1  •  Longitudinal  dyriujr  **: 

vertical  tuapension  •tiffneaa  iiondeaign  load  fac*  >r  va  vertical  sua» 

criteria  input  penaian  atifinetr  a  —  nondeaign 

criteria  input 


rig.  5  -  Beediug  moment  at  a  function  of  lateral  H 
restraint  —  toraional  baae  l  eatraint  held  constant  —  nc.*)* 
design  criteria  Input 


Fig.  b  -  Bending  n.onu-nt  »t  x.'i  =■  O.il  nondr.ign  criteria  input 


KyertKXWitr  janox  m/I 

Fig.  7  -  Bending  moment  at  n/i  *  O.dJ  rondciign  criteria  .nput 


Note  Ihit  in  general  the  raUo  o(  the  load  with  the  upper  spring  to  the  load  wlt^t 

Ts  greyer  uL  onT  When  the  load  at  a  partlcuUr  station  wan  significantly  reduced  by  this  means, 

the  I-:  :d  rd  severs'  other  stations  »««  significaiiily  increased. 

«  .  a  iwm  of  the  most  Intereitin*  lesults  obtained  from  the  studies,  at  leaat  from  an 

Klgu  This  is  the  variation  of  bending  moment  distribution  as  a  '.unction  of  lat- 

acadcmlc  point  of  resoonse  Hu,  undamped  system  was  estenUally  rigid 

cr,a  '  iscous  damping,  to  IWs  Inatwe.  t^  re^nw  m  ^  u™^^  reducing  base  moments  and 

body  response.  The  ^  t^*mlsslle  As  more  damping  was  placed  in  the  system, 

ISTrp^  r?)  ^.rcer^riS.1  point,  tiJ  undmr.;..d  bending  moment  d.  tribuUon  was  completely 
exceeded. 

M^in^  *  c^”*cay^ Ume  wiiig>ut  signlflcanUy  Intensifylrg  the  dyncmlr  loads  pf^-uc  ti. 
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Fig.  8  •  Bending  moment  as  a  function  of  later^ 
damping  in  percent  critical  of  the  rigid 
body  pendulum  mode 


20%  vocous  ureiM.  o*ar««*  7 


p*ig,  9  -  A  comparison  of  the  bending  mofr'  nt  of 
tie  u.eiributlon  resulting  from  an  uncUmp*;*!  iut* 
pension  system  and  viscous  and  CouloT.b  dampen 
suspension  system 
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DISCUSSION 


Mr.  Weiasmrn  (Ammann  ti  Whitne  i'his  is  not  a  question  irjt  a  comment.  I'm  equally 
gratified  and  reaswred  that  v  -t're  also  us<ng  a  velocity  pulse  of  the  type  that  we're  using.  I'd 
like  to  state  that  the  pulse  is  oaued  on  work  also  done  by  F>ing  and  Barton,  in  addition  to  Chobotov 
at  the  Space  Technology  Laboratories.  Perhaps  I  should  have  mentioned  ^utt  in  the  paper.  It  Is 
properly  referenced  in  the  written  paper. 

Ml.  comment  I  would  like  to  make  here.  Please  realize  that  in  using  this 

'ty  puls)^  we  re  not  saying  that  this  is  what  happens.  All  we're  sayiru;  is  this  is  a  wav  of 
descii'.  i uTiOuni  of  energy  which  is  available  to  excite  the  system.  Please  do  not  go  away 
thinking  that  we  ai  ‘  •  to  ourselves  that  this  io  what  Lhe  ground  does.  We  real’se  t'  :'!  it  is 
not  vlu't  the  girjund  does. 
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